In an effort to search for Lyα emission from circum-and intergalactic gas on scales of hundreds of kpc around z ∼ 3 quasar, and thus characterise the physical properties of the gas in emission, we have initiated an extensive fast-survey with the Multi Unit Spectroscopic Explorer (MUSE): Quasar Snapshot Observations with MUse: Search for Extended Ultraviolet eMission (QSO MUSEUM). In this work, we report the discovery of an enormous Lyα nebula (ELAN) around the quasar SDSS J102009.99+104002.7 at z = 3.164, which we followed-up with deeper MUSE observations. This ELAN spans ∼ 297 projected kpc, has an average Lyα surface brightness SB Lyα ∼ 6.04 × 10 −18 erg s −1 cm −2 arcsec −2 (within the 2σ isophote), and is associated with an additional four, previously unknown embedded sources: two Lyα emitters and two faint active galactic nuclei (one Type-1 and one Type-2 quasar). By mapping at high significance the line-of-sight velocity in the entirety of the observed structure, we unveiled a largescale coherent rotation-like pattern spanning ∼ 300 km s −1 with a velocity dispersion of < 270 km s −1 , which we interpret as a signature of the inspiraling accretion of substructures within the quasar's host halo. Future multiwavelength data will complement our MUSE observations, and are definitely needed to fully characterise such a complex system. None the less, our observations reveal the potential of new sensitive integral-field spectrographs to characterise the dynamical state of diffuse gas on large scales in the young Universe, and thereby witness the assembly of galaxies.
INTRODUCTION
It is predicted that the universe's initial conditions have zero net angular momentum. Yet spin is a fundamental property of galaxies, especially in disky spirals like our Milky Way. The accepted model of galaxy formation explains the required angular momentum build-up as follows. During the Universe's lifespan, baryons collapse into the potential well of dark matter (DM) haloes from the "cosmic web", i.e. E-mail: farrigon@eso.org the diffuse intergalactic medium (IGM) tracing the largescale structure in the universe. In this process, the gas is shock-heated to the virial temperature of the DM haloes, and subsequently cools down and settles in galaxies, where it is partially transformed into stars (White & Rees 1978) . In the initial phases of the collapse, the gravitational forces exerted between neighbouring DM haloes produce torques which generate a net angular momentum within these systems (Hoyle 1951 ). In an expanding universe (Hubble 1929) , this initial phase of angular momentum build-up ends when the DM haloes become bound structures in themselves, suf-2 F. Arrigoni Battaia et al. ficiently far away from their neighbours such that the large scale gravitational torques stop being the dominant evolutionary force. As a result, the angular momentum acquired at earlier epochs forces the baryons to assemble in rotating structures inside haloes (Fall & Efstathiou 1980) . Following this theory, analytic calculations predicted spins for modern galaxies (Peebles 1969) , which have been confirmed by numerical simulations within our modern cosmological paradigm (e.g. Bullock et al. 2001; Porciani et al. 2002) .
In the past decade, an important element has been added to this picture. Hydrodynamic simulations of galaxy formation have started to show the accretion of "streams" of cool gas into dark matter haloes (Kereš et al. 2005) . These streams are predicted to fuel star-formation within the central galaxy (Dekel & Birnboim 2006) , funnel dwarf galaxies into the surrounding dark matter halo, and provide a reservoir of cool halo gas (Faucher-Giguère & Kereš 2011; Fumagalli et al. 2011) . Recent numerical work has found that the baryons within these streams exhibit a significantly higher angular momentum than the matter within the inner regions of the dark matter haloes. This suggests that streams contribute to the net angular momentum of the system (Stewart et al. 2011; Danovich et al. 2015) . These same models predict that large regions of the halo may contain inspiraling gas or structures with a projected velocity shear qualitatively similar to rotation (Stewart et al. 2016) . Therefore, both these channels of accretion available to baryons would lead to the presence of cool gaseous structures within galaxy haloes carrying a net angular momentum.
Unfortunately, the halo gas, i.e. the so-called circumgalactic medium (CGM), is expected to have very low densities, and thus to be typically too faint to detect directly. Observations using the light from bright background sources to probe haloes along individual sightlines have revealed a high covering fraction of cool gas around high-z galaxies (Rudie et al. 2012; Prochaska et al. 2013a Prochaska et al. ,b, 2014 . This cool CGM is manifest around galaxies of essentially all luminosity and mass, and across all of cosmic time (e.g., Prochaska et al. 2011; Tumlinson et al. 2013) . The absorption-line experiment, however, cannot resolve the 'morphology' of the CGM, and given that it is an inherently one-dimensional probe, it does not uniquely constrain kinematics relevant to the angular momentum of the system. The past few years, however, have witnessed the discovery of enormous Lyα nebulae (ELANe) -cool, emitting hydrogen gas that extends hundreds of kpc around z > 2 quasars (Cantalupo et al. 2014; Hennawi et al. 2015; Cai et al. 2017 ). On these scales, the Lyα emission probes gas throughout the dark matter halo and even beyond into the surrounding IGM. Furthermore, the emission is sufficiently bright (Lyα surface brightness SB Lyα ∼ 10 −17 erg s −1 cm −2 arcsec −2 at 100 kpc from the AGN) to measure line-of-sight velocities throughout the ELAN. In turn, one may search for signatures of inspiraling gas predicted by models of galaxy formation.
However, ELANe seems to be extremely rare, and one would need a statistical sample to find such bright and thus "easy-to-observe" systems. Indeed, the reminder of the studies in the literature show (i) fainter Lyα emission at these large projected distances (100 kpc), SB Lyα ∼ 10 −18 erg s −1 cm −2 arcsec −2 (Borisova et al. 2016; Fumagalli et al. 2016) , (ii) detections only on smaller scales (R < 50 kpc) in 50-70% of the cases (Hu & Cowie 1987; Heckman et al. 1991a,b; Christensen et al. 2006; North et al. 2012; Hennawi & Prochaska 2013; Roche et al. 2014; Arrigoni Battaia et al. 2016) , or (iii) non-detections (e.g., Herenz et al. 2015; Arrigoni Battaia et al. 2016) . By conducting a stacking analysis of the narrow-band data targeting the Lyα emission of 15 z ∼ 2 quasars, Arrigoni Battaia et al. (2016) shows that the average Lyα profile for typical quasars at this redshift should be very low (SB Lyα ∼ 10 −19 erg s −1 cm −2 arcsec −2 at ≈100 kpc) and thus quite difficult to be detected routinely around each object. On the other hand, using MUSE, Borisova et al. (2016) show, on average, higher azimuthal Lyα profiles around z ∼ 3 quasars, but still lower than the observed profiles for the ELANe. Thus, ELANe are indeed the best target to map line-of-sight velocities at high significance. Nevertheless, given their recent discovery and the low-number statistic the ELAN phenomenon is still poorly constrained.
In this study, we report the discovery of an additional ELAN: an enormous (maximum projected distance of 297 kpc) bright (SB Lyα ∼ 6.04 × 10 −18 erg s −1 cm −2 arcsec −2 , average within the 2σ isophote) Lyα nebulosity around the quasar SDSS J102009.99+104002.7 at z = 3.164 ± 0.006 (for details on the redshift determination see Appendix A). This new discovery together with the other ELANe reported so far (Cantalupo et al. 2014; Hennawi et al. 2015; Cai et al. 2017) seems to hint to a scenario in which such bright extended Lyα emission around quasars is linked to dense environments or to the presence of companions (e.g., Hennawi et al. 2015) . Further, the high flux of the Lyα emission from the large-scale structure together with the unprecedented capabilities of MUSE/VLT, allows us to map the velocity field in the entirety of such a large-scale nebula, revealing a rotation-like pattern.
This work is structured as follows. In 2, we describe our observations and data reduction. In 3, we present the observational results. In particular, we show the quasar's companions, the maps (surface brightness, velocity, and sigma) for the Lyα emission, and the constraints on the extended emission in the C iv and He ii lines. In 4 we discuss our observations in light of current models for galaxy formation and predictions from different powering mechanisms. Finally, 5 summarises our conclusions.
Throughout this paper, we adopt the cosmological parameters H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3 and Ω Λ = 0.7. In this cosmology, 1 corresponds to about 7.6 physical kpc at z = 3.164. All magnitudes are in the AB system (Oke 1974) , and all distances are proper, unless specified.
OBSERVATIONS AND DATA REDUCTION
We targeted the quasar SDSS J102009.99+104002.7 (henceforth SDSS J1020+1040) during the program 094.A-0585(A) with the Multi Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010 ) on the VLT 8.2m telescope YEPUN (UT4), as part of the survey QSO MUSEUM: Quasar Snapshot Observations with MUse: Search for Extended Ultraviolet eMission (Arrigoni Battaia et al. in prep.) . This "snapshot survey" has been designed to target the population of z ∼ 3 quasars with fast observations of 45 minutes on source, with the aim of (i) uncovering additional ELANe, similar to Cantalupo et al. (2014) and Hennawi et al. (2015) , (ii) conduct-Inspiraling Halo Accretion around a z ∼ 3 Quasar. 3 ing a statistical census to determine the frequency of the ELAN phenomenon, (iii) studying the size, luminosity, covering factor of the extended Lyα emission, and any relationship with the quasar luminosity or radio activity, (iv) looking for any evolutionary trend by comparing this sample with the z ∼ 2 quasar population (e.g., Arrigoni Battaia et al. 2016) . At the moment of writing, this survey consists of 48 radio-quiet quasars and 11 radio-loud objects, with i-band magnitude in the range 17.4 < i < 19.0 (median 18.02), and the redshift spanning 3.03 < z < 3.46 (median 3.17) . This survey thus expands on the work by Borisova et al. (2016) , both in number of targeted sources and by encompassing fainter sources. A preliminary analysis of this sample shows that ELANe (i.e. showing a surface brightness of 10 −17 erg s −1 cm −2 arcsec −2 at 100 projected kpc from the quasar) have been discovered in only 2% of the sample in agreement with previous statistics reporting 10% at z ∼ 2 .
The observations of SDSS J1020+1040 were carried out in service-mode during UT 18-19 of February 2015 and consisted of 3 exposures of 900 s each, with the exposures rotated with respect to each other by 90 degrees. These observations resulted in the discovery of a bright ELAN around the quasar SDSS J1020+1040, with a maximum extent of 199.3 kpc (or 26.2 ), determined from the 2σ isophote. After this initial discovery in the "fast-survey" data, we followed up this target with MUSE for an additional 4.5 hours on source on UT 8-9 December 2015 and 10-11 January 2016, as part of the service program 096.A-0937(A). The exposure time was split into 18×900 s exposures, with 90 degree rotations and a small dither between each exposure. The average seeing for these observations was 0.66 (FWHM of the Gaussian at 5000Å, measured from the combined 4.5 hours datacube), and ranged between 0.59 − 0.82 in different observation blocks (OBs). In this follow-up program 096.A-0937(A), on which we focus in the reminder of this work, we offset the pointing centre so that the quasar moved about 15 to the East with respect to program 094.A-0585(A) (where the quasar was centred in the MUSE field of view), so that our observations would cover two bright radio sources located ∼ 30 away from the quasar. As the nature of these radio sources was unknown, our aim was to determine if they were linked to the system studied here. The spectral-imaging capabilities of MUSE, together with the radio data from the literature, allowed us to assess that these sources are actually the radio lobes of a previously unidentified radio galaxy at z = 1.536 ± 0.001, and are thus not physically related to the system considered here (see appendix B).
The data were reduced using the MUSE pipeline recipes v1.4 (Weilbacher et al. 2014) . In particular, each of the individual exposures has been bias-subtracted, flat-fielded, twilight and illumination corrected, and wavelength calibrated. The flux calibration of each exposure has been obtained using a spectrophotometric standard star observed during the same night of each of the six observing blocks. Sky-subtraction was not performed with the ESO pipeline, but instead using the CubExtractor package (Cantalupo in prep., Borisova et al. 2016) developed to enable the detection of very low surface brightness signals in MUSE datacubes. Specifically we apply the procedures CubeFix and CubeSharp described in Borisova et al. (2016) to apply a flat-fielding correction and to subtract the sky, respectively.
Finally, the datacubes of the individual exposures are combined using an average 3σ -clipping algorithm. As described in Borisova et al. (2016) , we applied another iteration of the aforementioned procedures to improve the removal of self-calibration effects. The products of this data reduction are a final science datacube and a variance datacube, which takes into account the propagation of errors for the MUSE pipeline and the correct propagation during the combination of the different exposures. Our final MUSE datacube (4.5 hours on source) results in a 2σ surface brightness limit of SB Lyα = 3.7 × 10 −19 erg s −1 cm −2 arcsec −2 (in 1 arcsec 2 aperture) in a single channel (1.25Å) at ≈ 5066Å (z = 3.167, Lyα line for the nebula; see section 3.2.1).
OBSERVATIONAL RESULTS
In Fig. 1 we show the whole 1.02 × 1.11 field of view (FOV) of our combined MUSE observations (i) as a "white-light" image , (ii) as a narrow-band (NB) image (40Å) centred on the Lyα line at z = 3.167 (spatially smoothed by 3 pixels or 0.6 ), and (iii) a RGB image composed of the NB image, and two intermediate continuum-bands free of line emission at the redshift of SDSS J1020+1040, with a width of about 200Å and centred at 5400Å and 8237Å, respectively. The 40Å narrow-band image has a 2σ surface brightness limit of SB Lyα = 1.9 × 10 −18 erg s −1 cm −2 arcsec −2 (in 1 arcsec 2 aperture). Note that our observational strategy inevitably results in vertical stripes with higher noise because we only performed three 90 degree rotations instead of four, making the vertical stripes under-sampled in comparison to the rest of the field. This artefact is more significant in the white-light image than in NB (or single channel) images, and has no effect on the results presented in this work. Fig. 1 clearly shows the presence of a bright ELAN around SDSS J1020+1040. Before analysing it, we focus on the characterisation of the compact sources associated with SDSS J1020+1040.
Search for Companion Sources: Hints of an Overdensity
To identify galaxies at the same redshift of the quasar, we use two complementary approaches. We search for i) compact continuum sources and ii) compact Lyα emitters whose continuum might have been too faint to be detected in the former case. We then determine the redshifts by looking for lines or continuum breaks (if any). This analysis led to the discovery of four companions of which we show the positions in both the white-light image and in the NB image in Fig. 2 , and list them in Table 1 . Further, we show their spectra in Fig. 3 . More specifically, the companions have been found as follows. First, we use the white-light image shown in Fig. 1 as a deep continuum detection image and construct a catalogue of source candidates 1 . Specifically, we run SExtractor (Bertin & Arnouts 1996) with a detection area of 5 pixels and a threshold of 2σ above the background rootmean-square. We then use the segmentation map generated by SExtractor as a mask to extract 1D spectra for each identified source from the final MUSE datacube. Next, we inspected the 1D spectra to identify emission or absorption lines at the redshift of SDSS J1020+1040. Of all the 177 continuum detected sources in the deep white-light image, only two are clearly at redshifts similar to SDSS J1020+1040. These are a quasar, referred to as QSO2, and a strong Lyα emitter (EW rest = 105Å), referred to as LAE1, at projected distances of 51.7 kpc (6.8 ) and 69.2 kpc (9.1 ) from SDSS J1020+1040, respectively (Fig. 2) . We evaluate the redshift of QSO2 with the same approach as for SDSS J1020+1040 (see appendix A), i.e. following Shen et al. (2016) . Specifically, we estimate the peak of the C iv line, as specified in Shen et al. (2016) , and obtained z = 3.158. With a measured λ L 1700Å = (5.0 ± 0.9) × 10 43 erg s −1 for QSO2, we estimate an expected shift of +173 km s −1 for C iv with respect to systemic. We thus obtain a redshift of z = 3.156 ± 0.006 for QSO2, where we took into account the systematic uncertainty of 415 km s −1 in the error estimate (Shen et al. 2016) . Bearing in mind the uncertainties on the redshift determination for both quasars, QSO2 seems to have a blueshift of 576 km s −1 with respect to SDSS J1020+1040. For LAE1, we have obtained a redshift of z = 3.168 ± 0.001 by fitting its Lyα emission line with a gaussian (despite the presence of a red tail in its shape). For both QSO2 and LAE1, we have extracted an equivalent i-band SDSS magnitude from the MUSE datacube, obtaining 24.30 ± 0.02 and 25.45 ± 0.05, respectively. These sources are therefore much fainter than SDSS J1020+1040 (i=17.98, fiber magnitude).
Secure redshifts could not be obtained for any of the other continuum-detected sources, e.g. no presence of emission lines, no continuum breaks. In particular, note that continuum sources that happen to be at the same location of the ELAN, show faint line emission at the wavelength of the Lyα emission of the ELAN itself. Given that these faint con-tinuum sources are not visible as compact Lyα emitters in the NB image (see Fig. 2 ), and that they do not show other emission lines, we ascribe the emission to the nebula.
As stated earlier, we also search for associated compact line emitters whose faint continua were not detected in the deep white-light image. Specifically, we use the 40Å NB image presented in Fig. 1 as a detection image to construct a catalogue of source candidates. We run SExtractor with a detection area of 5 pixels and a threshold of 2σ above the background root-mean-square 2 . Next we matched this lineemitter catalog to our catalog of continuum sources from the foregoing discussion, and removed all those with continuum detections. The segmentation map of the remaining sources 3 was used as a mask to extract 1D spectra from the final MUSE datacube. This approach led to the identification of two Lyα emitters at a redshift similar to SDSS J1020+1040, AGN1 at z = 3.179 ± 0.001 (EW rest > 168Å) at 11.3 (∼ 85.9 kpc), and LAE2 at z = 3.167 ± 0.001 (EW rest > 29Å) at 11.9 (∼ 90.4 kpc) (Fig. 2) . AGN1 also exhibits a C iv emission line, and tentative evidence for He ii and N v emission lines, all indicative of a hard-ionizing source, making this source most likely a type-2 AGN. Indeed, its line ratios are in good agreement with type-2 AGN reported in the literature as shown in Fig. 4 (Nagao et al. 2006; McCarthy 1993; Humphrey et al. 2008) . Given its redshift, AGN1 has a velocity shift of 864 km s −1 with respect to SDSS J1020+1040. Note that AGN1 does not have a fully gaussian Lyα line, although redshifts determined from both Lyα and C iv agree within their uncertainties. On the other hand, LAE2 shows strong Si iv emission, also requiring a hard-ionizing source (ionization energy of I SiIV = 33.49 eV; Draine 2011). However, we don't detect other high ionization lines (He ii, C iv, N v, C iii]) which typically accompany Si iv in AGN spectra (e.g., McCarthy 1993; Humphrey et al. 2008; Hainline et al. 2011; Lacy et al. 2013 ). To our knowledge, there are no sources reported in the literature with only Lyα and Si iv detected. In the population of Lyman break galaxies (LBGs; e.g., Shapley et al. 2003) or LAEs characterized by similar strong Lyα emission as LAE2, Si iv is usually observed in absorption (e.g., 4th quartile in Shapley et al. 2003) . We show the discrepancy between the line ratios for LAE2 and the population of type-2 AGN and LBGs in Fig. 5 . LAE2 thus seems a clear outlier for both type-2 AGN and LBGs. However, we argue that the strong Si iv emission should be a signature of powering mechanisms more similar to an AGN. The nature of LAE2 remains unclear, and follow up studies are needed. Intriguingly, Dey et al. (2005) , while studying a LAB at z = 2.656, reported the detection of an emission line at λ = 5081.6Å, which could have been an improbable blueshifted Si iv line, or an interloper as the author suggested. The information for the three sources with narrow emission lines are summarized in Table 2 .
The presence of three confirmed AGN within 90 projected kpc makes this system similar to the other two known physical quasar triplets discovered at lower redshifts (Djorgovski et al. 2007; Farina et al. 2013 ). In addition, given the presence of unusual compact emitters embedded in the ELAN, it might resemble the properties of the so far only known quadruple quasar , known to be embedded in a bright ELAN as well. It is thus interesting to compare the environment of that system with SDSS J1020+1040. Hennawi et al. (2015) show that the bright quasar SDSS J084158.47+392121.0 (henceforth SDSS J0841) in their system inhabits a clear overdensity of LAEs, exceeding the average protoclusters, i.e. high-redshift radio galaxies (HzRGs) and Lyman-Alpha Blobs (LABs; e.g., Yang et al. 2009) , by a factor of 20 for R < 200 kpc and by ∼ 3 on scales of R 1 Mpc. To allow a comparison with studies of HzRGs and LABs, the analysis of Hennawi et al. (2015) relies on the LAEs selected to have EW rest > 20Å and with f Lyα > 4.0 × 10 −17 erg s −1 cm −2 . Given our pointing strategy and the MUSE FOV, we are able to fully probe the environment only within R 122 kpc (or 16 ) from SDSS J1020+1040. Within this region, following the same selection criteria of Hennawi et al. (2015) , we find 3 objects (2 of which are AGN), while SDSS J0841 has 4 objects (2 of which are AGN), suggesting that the system studied here inhabits a similar overdensity on small 100 kpc scales as SDSS J0841, and making it a rare overdense system as well. A follow-up narrow-band study of a wider field around SDSS J1020+1040 is needed for a full comparison. However, the similarity on small scales with SDSS J0841, together with the presence of multiple AGN, make SDSS J1020+1040 likely to be the progenitor of a very massive object.
Finally, we note that the other two ELANe so far discovered are also associated to multiple AGN and overdensities of galaxies (Cantalupo et al. 2014; Cai et al. 2017) . Cantalupo et al. (2014) report the discovery of an ELAN associated to the quasar UM 287 (z = 2.279) and a fainter companion quasar. Further, Cai et al. (2017) unveil a bright ELAN at z = 2.319±0.004 displaced by 33.1 from the quasar SDSS J144121.66+400258.8 (z = 2.311 ± 0.006) by targeting the density peak of the large-scale structure BOSS1441 (Cai et al. 2016) . Showing extended C iv and He ii in emission, this ELAN probably hosts an additional obscured AGN which is powering the nebula through an outflow and/or photionization (Cai et al. 2017 ). More generally, it has been argued that the presence of a giant Lyα nebula (wether is an ELAN, a LAB or associated to an HzRG) is physically connected to the location of overdensities of galaxies and AGN (Matsuda et al. 2005 (Matsuda et al. , 2009 Saito et al. 2006; Venemans et al. 2007; Prescott et al. 2008; Yang et al. 2009; Hennawi et al. 2015) .
The Enormous Lyman-Alpha Nebula
In Fig. 1 we have shown an NB image of the ELAN around the quasar SDSS J1020+1040. In this section we report how we analysed the final MUSE datacube to constrain this extended Lyα emission, while in appendix C we explain how we tested the reliability of our approach.
Empirical PSF subtraction and Moments of the Flux Distribution
We extracted the properties of the Lyα emission using the CubExtractor package, as explained in Borisova et al. . One-dimensional spectra of the strong Lyα emitters associated with the ELAN. The 1D spectrum of SDSS J1020+1040 has been extracted in a 1.5 radius circular aperture, while the other four spectra have been extracted within the 2σ isophote of each source (see section 3.1). For each object, the red dashed line shows the noise spectra extracted within the same aperture. At long wavelengths the MUSE spectra become noisier due to the presence of residuals of stronger and numerous sky-lines (more evident for the fainter sources). The blue dashed lines indicate the location of the typical strong ultra-violet emission lines encountered in quasar's spectra. The individual y-axes have been scaled for presentation. QSO2 and AGN1 have been classified as AGN. Having a strong Si iv line in emission, LAE2 is a clear outlier in comparison to typical Lyα emitters at this redshift (see section 3.1 and Fig. 5 ). For each narrow emitter we quote the estimated average redshfit and the projected distance from SDSS J1020+1040. For each detected emission-line in the spectrum of each source, we report the line center, the redshift, the line flux, the continuum flux, the rest-frame equivalent width, and the line width as σ v of a Gaussian fit to the line.
Inspiraling Halo Accretion around a z ∼ 3 Quasar. 7 Humphrey et al. 2008) , (ii) a composite of narrow-lined AGN at z ∼ 2 − 3 (magenta; Hainline et al. 2011) , (iii) a composite for mid-IR selected Type-2 AGN (blue circle; Lacy et al. 2013) , and (iv) a composite for bright Lyα emitting LBGs (EW rest Lyα = 52.63 ± 2.74, 4th quartile in Shapley et al. 2003) . Note that LBGs have Si iv in absorption and thus their ratio on this plot is negative. LAE2 is a clear outlier.
(2016). Briefly, we have first subtracted the quasar PSF to remove any contamination from the unresolved QSO on large scales, and then we have characterised the properties of the ELAN by calculating the moments of the flux distribution.
More specifically, the subtraction of the PSF has been performed using the CubePSFSub algorithm within CubExtractor, which empirically reconstructs the PSF of the quasar in user-defined wavelength layers within the MUSE datacube. For each wavelength layer, the empirical PSF image is obtained as a pseudo-NB image, it is rescaled to the flux within 5 × 5 pixels (or 1 × 1 ) around the quasar position, and then subtracted (see Borisova et al. 2016 for more details). In our case, we have used a wavelength layer of 150 spectral pixels (187.5Å), shown to be optimal for the case of extended emission around quasars (Borisova et al. 2016) . Note that this method is not reliable in the central 1 × 1 region used for the PSF rescaling, leading to residuals on these scales (Borisova et al. 2016) . However, in appendix C we show that the PSF subtraction following a different algorithm does not change our results (Husemann et al. 2013) . In addition to the PSF subtraction, we have removed all the continuum-detected sources from the datacube using the CubeBKGSub algorithm, which uses a fast median-filtering approach (see Borisova et al. 2016 for more details).
We then use CubExtractor to identify the diffuse Lyα emission by searching for regions with a minimum "volume" of 10,000 voxels (volume pixels) above a signal-tonoise S/N > 2 within the MUSE datacube 4 . In this way, we are left with a three-dimensional mask which indicates the voxels associated with the extended Lyα emission around the quasar SDSS J1020+1040. We used this mask to obtain an "optimally extracted" NB image by integrating the flux along the wavelength direction for only the voxels belonging to the nebulosity. Each pixel itself in the obtained 2D-image thus represents a narrow-band filter, whose width is set by the S/N = 2 threshold. We have then added to the "optimally extracted" NB image a 'background' layer of 40Å around z = 3.167 (central wavelength of the nebula for region closer to QSO position) to recreate the noise for a NB image with the wavelength range equal to the maximum width of the nebulosity, i.e the maximum width of the 3-D mask previously obtained. In panel A of Fig. 6 we show this optimally extracted NB image, which clearly reveals that this Lyα nebula is one of the so far brightest and largest known around radio-quiet quasars. The nebula has an average SB Lyα = 6.04 × 10 −18 erg s −1 cm −2 arcsec −2 (within the 2σ isophote). Note that an "optimally extracted" image does not allow a visual estimate of the noise as it depends on the number of layers at each spatial position. Hence, to enable a better interpretation we show in Fig. 6 the signal-tonoise contours for S/N = 2, 4, 10, 20, 30, 50, and 100, estimated 4 Such a large minimum "volume" has been chosen because we are only interested in selecting the ELAN, i.e. a very extended structure around the quasar SDSS J1020+1040. Indeed, 10,000 voxels would corresponds to e.g. 100 × 100 pixels (or 20 × 20 ) with width of 1 spectral pixel (or 1.25Å). For reference, the ELAN extracted with this approach has 133,632 connected voxels, and it is the only source found by CubExtractor above the chosen threshold.
through variance propagation accounting for the number of layers along each pixel position (see Borisova et al. 2016) .
Further, the PSF subtracted image reveals a bright peak for the Lyα emission 1 to the North of the quasar SDSS J1020+1040 (Fig. 6) . The Lyα emission at this location show a much narrower profile (σ Lyα = 316.4 ± 7.9 km s −1 ) than the more complex quasar's broad Lyα line blended together with the N v emission. This comparison is shown in Fig. 7 . Given the great differences in the line shapes, we are therefore confident that the bright emission in close proximity to the quasar SDSS J1020+1040 cannot constitute a PSF subtraction residual. This bright knot may represent the extended emission line regions (EELR; Stockton et al. 2006 ) associated with quasars, i.e. narrow emission-line regions extending for tens of kpc around AGN, and thought to be mainly powered by the central bright source or star-formation from the host-galaxy (e.g., Husemann et al. 2014) . Interestingly, this emission is at the redshift of z = 3.167 ± 0.001, and is connected to the emission on larger scales. This occurrence thus confirm that the Lyα nebula and the quasar SDSS J1020+1040 are at the same redshift, once the known uncertainties are taken into account (see appendix A).
We then use the aforementioned three-dimensional mask to analyse the kinematics of the Lyα emitting gas. Specifically, to derive the centroid velocity and the width of the emission line, we have computed at each spatial location the first and second moment of the flux distribution only for the voxels selected by the mask. The use of only the selected "volume" should minimise the effect of the noise for this approach.
Panel B in Fig. 6 shows the flux-weighted centroid of the Lyα emission throughout the ELAN with respect to the systemic redshift of SDSS J1020+1040. The ELAN clearly exhibits a significant velocity shear as one progresses from its SE edge to the NW. The southern half of the ELAN shows systematically blueshifted velocities (by ≈ 300 km s −1 ) compared to its northern half, and there is a relatively sharp discontinuity across the "boundary". Panel C in Fig. 6 shows the flux-weighted standard deviation of the emission. The values are relatively small, σ v < 270 km s −1 and are nearly consistent with the spectral resolution of MUSE. One concludes that the motions within this ELAN are highly coherent, and have amplitudes consistent with being gravitational motions within a dark matter halo hosting a quasar. This high coherence of the velocity field can be greatly appreciated by looking at panel D in Fig. 6 . This panel dissects the ELAN presented in panel A, B, and C in a sequence of narrow-band images of 3.75Å (3× MUSE sampling) in the wavelength range 5058Å λ 5084Å. We will further discuss this observed velocity shear in section 4.1.
The Enormous Lyman-Alpha Nebula in He ii and C iv
To try to mitigate the possible uncertainties that arise from the use of the Lyα emission as a unique diagnostic (section 4.2.1), our QSO MUSEUM survey (Arrigoni Battaia et al., in prep.) specifically targets z ∼ 3 quasars to be able to cover other strong rest-frame ultraviolet lines beside Lyα.
In particular, it has been shown that the C iv λ 1549 and 10"(⇠ 75kpc) He ii λ 1640 lines are important indicators that may constrain the density, ionization state, metallicity, and the importance of scattering within the emitting gas (Nagao et al. 2006; Prescott et al. 2009; Humphrey et al. 2008; Prescott et al. 2015a; Arrigoni Battaia et al. 2015a,b) . Further, as described in detail in Arrigoni Battaia et al. (2015a,b) , these emission lines can disentangle the powering mechanisms for the Lyα emission, such as photoionization from AGN or star-formation (Arrigoni Battaia et al. 2015a and references therein), scattering of Lyα photons (e.g., Dijkstra & Loeb 2008; Cen & Zheng 2013) , shock-heated gas in superwinds (e.g., Taniguchi & Shioya 2000; Mori et al. 2004; Cabot et al. 2016) , or cooling radiation (e.g., Yang et al. 2006; Rosdahl & Blaizot 2012) . Such mechanisms can also act together, and additional diagnostics might be needed to characterise the different contributions (e.g. polarization of the Lyα line Prescott et al. 2011 ). Here we report our observations at the C iv and He ii expected wavelengths, while we discuss the powering mechanisms for the ELAN around SDSS J1020+1040 in section 4.3. Both spectra have been normalized to their maximum. The ELAN emission is much narrower than the complex Lyα emission of the quasar SDSS J1020+1040. We are thus confident that the peak of the ELAN close to the quasar position is not due to PSF residuals.
To assess the presence of extended C iv and He ii in our data, we proceed in two ways. First, using CubExtractor, we have searched for connected voxels above a signal-to-noise S/N > 2 at the wavelength of the two emission lines, on unsmoothed data, and leaving the minimum "volume" unconstrained, so that less extended emission than the enormous Lyα emission would have also been detected. This approach led to the detection of compact unresolved emission close to the quasar PSF residuals, but no extended emission has been detected at the expected redshift, with only a hint for extended emission in the C iv line if the S/N > 2 constrain is relaxed. Secondly, given the possibility of a velocity shift between the Lyα line emission and the C iv and He ii emission, we have searched the datacube with the same approach within a window of 2000 km s −1 on both side of the expected location. This approach has also not resulted in the detection of the two lines on large scales. Here, we have thus decided to present our data by simply constructing two narrow-band images of 30Å centred at the expected wavelength of the two emission lines at z = 3.167 (redshift of the peak of the Lyα nebula; section 3.2.1), i.e. λ = 6454.7Å and λ = 6833.9Å, respectively for C iv and He ii 5 . The NB images are obtained by collapsing the final datacube, after the quasar PSF and 5 We select this width for these NB images to confidently include the shift of AGN1 and QSO2 within our images. We remind that the three-dimensional mask for the ELAN has a maximum width of 40Å down to a 2σ limit (section 3.2.1). Here we thus restrict to higher S/N levels for the Lyα emission. the continuum sources have been removed (as explained in section 3.2.1).
Panels A and D of Fig. 8 show the surface brightness maps for the NB images of the giant Lyα nebula in the C iv and He ii lines after smoothing the data with a Gaussian kernel of 1 arcsec. These images have a 2σ SB limit within a square arcsecond of SB CIV lim = 1.05 × 10 −18 erg s −1 cm −2 arcsec −2 , and SB HeII lim = 1.18 × 10 −18 erg s −1 cm −2 arcsec −2 , while the depth achieved for individual channels at these wavelength is SB lim = 2.25 × 10 −19 erg s −1 cm −2 arcsec −2 , and SB lim = 2.69 × 10 −19 erg s −1 cm −2 arcsec −2 , respectively for C iv and He ii . To indicate the significance of the mild detection of the compact emission and to search for evidence of faint emission on large scales, we have computed a smoothed χ image following the technique in Hennawi & Prochaska (2013) and Arrigoni Battaia et al. (2015a) , for two Gaussian kernels with FWHM= 1 and FWHM= 2 , respectively. To obtain these images, we proceed as follows. First, we obtain an unsmoothed NB image I of 30Å by collapsing the final MUSE datacube at the wavelength of interest. Then, we smooth this image using the Gaussian kernel, obtaining I smth . Next, from the variance cube we have computed the unsmoothed variance image σ 2 unsmooth for each NB image, and obtained the smoothed sigma image σ smth by propagating the variance image of the unsmoothed data:
where the CONVOL 2 operation denotes the convolution of the variance image with the square of the Gaussian kernel. Thus, the smoothed χ image is defined by
These χ smth maps are more effective in visualising the presence of extended emission. From Fig. 8 it is clear that C iv emission is only definitively detected in close proximity of the two quasars, SDSS J1020+1040 and its companion, while the He ii emission is seen clearly only close to SDSS J1020+1040 (North direction). In the case of SDSS J1020+1040, the additional emission lines have their maxima at the same position of the peak of the Lyα emission at ≈ 1 from SDSS J1020+1040. Being narrow and at the same redshift of the quasar, this small-scale emission is thus probably due to the so-called EELR around the bright quasar (see section 3.2). Deeper data at higher spatial resolution are needed to explore in further detail the presence, kinematics, and geometry of the C iv and He ii line-emissions on these small scales. Such observations will be feasible once the adaptive-optic system for MUSE becomes available (GALACSI; Stuik et al. 2006 ).
In addition, there is the hint (very low significance in the unsmoothed data) in the C iv map for extended emission in the South-West direction of SDSS J1020+1040. Given the faint levels for this emission, we are not able to investigate if it traces the same kinematics as the Lyα emission in this region. Deeper observations are needed to confirm this emission and eventually compare it with the Lyα emission.
Finally, as they can be used to infer the physical properties of the gas in emission, we report here the line ratios between C iv, He ii, and Lyα, and discuss in section 4.3 their implications. Specifically, given that Inspiraling Halo Accretion around a z ∼ 3 Quasar. 
.2. (D), (E), (F) Same as for (A), (B)
, and (C), respectively, but for the He ii line. In (E), the dashed red contour indicates the portion of the ELAN used in the analysis that resulted in Fig. E3 . No clear extended emission in C iv and He ii is associated to the ELAN down to our sensitivity limits. However the aggressive smoothing seems to suggest very faint extended C iv emission in the South-West direction from SDSS J1020+1040.
we do not have a detection in C iv and He ii on large scales, we compute the 5σ SB limits within the S/N = 2 isophote defined by the Lyα emission (see black contour in Fig. 8 ), which corresponds to an area on the sky of 609.36 arcsec 2 . We obtain SB HeII < 1.2 × 10 −19 erg s −1 cm −2 arcsec −2 , and SB CIV < 1.1 × 10 −20 erg s −1 cm −2 arcsec −2 , resulting in He ii/Lyα< 0.020, and C iv/Lyα< 0.018 when using the average SB Lyα = (6.04 ± 0.26) × 10 −18 erg s −1 cm −2 arcsec −2 for the whole nebula. We compute the 5σ limits also for the bright clump at a projected distance of ≈ 120 kpc from SDSS J1020+1040. In particular, we use the isophote within which the Lyα emission has S/N > 50 (region indicated with a red contour in Fig. 8 , area of 13.4 arcsec 2 ) finding SB HeII < 8.1 × 10 −19 erg s −1 cm −2 arcsec −2 , and SB CIV < 7.2 × 10 −19 erg s −1 cm −2 arcsec −2 , resulting in He ii/Lyα< 0.045, and C iv/Lyα< 0.039 when using the average SB Lyα = (1.81 ± 0.08) × 10 −17 erg s −1 cm −2 arcsec −2 within the same region. Further, we also compute the line ratios for the detected EELR close to SDSS J1020+1040 and obtained SB HeII = (7.24 ± 0. Figure 9 . He ii/Lyα vs. C iv/Lyα log-log plot for radioquiet Lyα nebulae. Our upper limits of the He ii/Lyα and C iv/Lyα ratios for the whole Lyα nebula (red), the NW clump at ≈ 120 kpc (orange) and the datapoint for the EELR (yellow) here studied are compared with data available in the literature for other radio-quiet Lyα nebulae. Specifically, we show data for (i) LABs from Prescott et al. (2009 Prescott et al. ( , 2013 ; Dey et al. (2005) , Caminha et al. (2016) , and Arrigoni Battaia et al. (2015a) (only the most and less stringent data-points); (ii) Lyα nebulae around radio-quiet QSOs from Arrigoni Battaia et al. (2015b) and from Borisova et al. (2016) (only the most and less stringent datapoints); (iii) the MAMMOTH-1 ELAN (Cai et al. 2017) . The errorbars for both ratios (σ = 0.01) for our EELR datapoint are smaller than the size of the symbol used.
and SB CIV = (1.11 ± 0.05) × 10 −17 erg s −1 cm −2 arcsec −2 , resulting in He ii/Lyα= 0.12 ± 0.01, and C iv/Lyα= 0.18 ± 0.01 when using the average SB Lyα = (6.08 ± 0.27) × 10 −17 erg s −1 cm −2 arcsec −2 at this location. Fig. 9 summarizes our datapoints and compares them to data in the literature for radio-quiet extended Lyα nebulosities at high redshift. Our data for the whole ELAN are consistent with the nondetections usually reported in the literature for radio-quiet Lyα nebulae (e.g., Arrigoni Battaia et al. 2015a) . While the values of the EELR are in agreement with the detections in the literature for nebulae currently explained as powered by an enshrouded AGN (i.e. Dey et al. 2005; Cai et al. 2017 ).
DISCUSSION
In this section we first show how the velocity shear observed within the ELAN around SDSS J1020+1040 is remarkably similar to a rotation-like pattern and discuss the favoured interpretation in light of the current data. Secondly, we consider in turn alternative scenarios for the presence of such a velocity shear. Finally, we discuss the possible powering mechanisms that could give rise to such bright Lyα emission on 100 kpc scales, with no extended He ii and C iv emission down to our current SB limits.
4.1 The favoured interpretation: witnessing mass assembly around a z ∼ 3 quasar
We better highlight the velocity shear presented in Fig. 6 and section 3.2 with two complementary views. First, we present the velocities with respect to the quasar systemic redshift along three parallel "pseudo-slits" through the ELAN. Fig. 10 show this test. The central pseudo-slit ("Pseudo-slit 1") intersects the position of SDSS J1020+1040 (assumed as reference), the flux-weighted centroid of the ELAN (1 from SDSS J1020+1040), and also a bright peak in the extended Lyα emission at ≈ 120 projected kpc NW from SDSS J1020+1040. The other two pseudo-slits are offset by 15.2 kpc (or 2 ) to either side. This configuration has been chosen to cover the brightest parts of the extended Lyα emission, while avoiding contamination from the known compact sources.
Within each pseudo-slit the nebula shows small fluxweighted velocity shifts at small projected distances, and up to 300 − 400 km s −1 shifts at 160 projected kpc. The velocity shift at large projected distances is remarkably similar to the expected virial velocity (293 km s −1 ) of the dark matter haloes that host z ∼ 3 quasars (M DM ∼ 10 12.5 M , White et al. 2012) . Outlying points along each velocity curve are due to substructures in the giant nebula, like the gas associated with the faint QSO2 along "Pseudo-slit 2". Overplotted on the figure are predictions (dashed lines) for a sphere in solid body rotation centred on the ELAN and with its angular momentum axis oriented perpendicular to the pseudo-slits. The data-points flatten out at large radii and thus do not follow such simplified models.
Secondly, to fully support our analysis using pseudoslits, in Fig. 11 we show a two-dimensional spectrum obtained by collapsing the final MUSE datacube (PSF and continuum subtracted) along the direction of "Pseudo-slit 1". In particular, panel A and B of Fig. 11 report the twodimensional spectrum for the whole spatial range comprehending the ELAN (i.e. like a pseudo-slit with width of ≈ 21 ). In these panels is visible the contribution of the associated compact sources (QSO2, LAE1, LAE2, and AGN1) to the Lyα emission. At positive distances their intrinsic Lyα emission hides the signature of the rotation-like pattern on halo scales, but at negative distances the shear is visible. On the other hand, the shear at positive distances is evident when excluding these sources from the extracted two-dimensional spectrum. Indeed, panel C of Fig. 11 shows the two-dimensional spectrum extracted within "Pseudo-slit 1" together with the data-points presented in Fig. 10 Figure 11 . Two-dimensional spectrum of the ELAN along the direction of "Pseudo-slit 1". (A) Two-dimensional spectrum of the ELAN obtained by collapsing the final MUSE datacube (PSF and continuum subtracted) along the direction of "Pseudo-slit 1" for a spatial region including the whole Lyα extended emission. The position for the contribution of the associated compact sources is indicated. Note that along this direction LAE1 and QSO2 are at the same projected distance from the quasar SDSS J1020+1040 (used here as reference). (B) same as A, but with a different flux scale (same as in panel C) to emphasise the emission at lower levels. (C) Two-dimensional spectrum of the ELAN extracted within "Pseudo-slit 1" with superimposed the data-points shown in Fig. 10 . Within this pseudo-slit, the velocity pattern is not contaminated by the contribution from the compact sources, and thus clearly visible. The higher noise at 0 kpc is due to the PSF subtraction of SDSS J1020+1040 (see section 3.2.1).
with increasing distance, and a flattening at larger distances, is suggestive of a "classical" galaxy rotation curve, impacted by the presence of the underlying dark matter on large scales (e.g., Persic et al. 1996) . Such a large-scale rotation-like pattern is also expected in the current paradigm of galaxy formation for inspiraling material within galaxy haloes (e.g., Stewart et al. 2016) . Specifically, the fraction of cool halo gas mapped in Lyα emission, is likely tracing the overall accretion motions within the halo, roughly centred at or near the position of SDSS J1020+1040. This baryonic 'rotation' is in turn predicted to trace the motions of the underlying dark-matter.
To further explore this possibility, we compare our observations with a cosmological zoom-in simulation centred on a dark-matter halo of mass M DM = 10 12.29 M at z ≈ 3 (Wang et al. 2015 , see appendix D for details on the selection of the halo) close to the masses estimated for quasar host haloes (White et al. 2012; Fanidakis et al. 2013 ). In particular, as the observed Lyα emission traces cool gas (T ∼ 10 4 K) (e.g., Hennawi et al. 2015) , we directly compare the observed velocity shear with the velocity patterns of the cool gas (T < 10 4.5 K) in our cosmological zoom-in simulation (see appendix D for details on this temperature cut). Intriguingly, it is easy to find views of the simulated halo for which the velocity shear is similar to what is seen in our data 6 . Fig. 12 shows mass-weighted line-of-sight velocity maps of the dark matter (panel A) and the cool gas (panel B) in our simulation. These maps are constructed for a direction perpendicular to the angular momentum axis of the cool gas in a 400 kpc box centred on the minimum of the halo potential (appendix D). Although the dark matter and the cool gas show similar shears of the order of hundreds km/s, the dark matter lags behind the baryons which are inspiraling.
The similarity between our data (panel C in Fig. 12 ) and the shear present within the simulated gas can be better quantified by extracting the velocity curve along a pseudoslit, analogous to what was done with the observations. In particular, we select the pseudo-slit that passes through the centre of the halo and best probes the velocity shear of the cool halo gas as seen in this orientation (appendix D). The bottom panel of Fig. 12 illustrates that the observed velocity shear (red points) agrees, within the uncertainties, with the simulated cool gas velocity shear (blue points) at small and negative projected distances. However, the simulation seems to under-predict the line-of-sight velocities at large positive projected distances. This can be explained by the fact that at smaller radial distances from the centre, the halo potential should dominate the kinematics, whereas halo gas at large radii (large projected distances) is expected to be more influenced by the particular large scale configuration (e.g. mergers, filaments) at a given time (e.g. More et al. 2015) . Variations of the signal on 100 kpc scales are thus expected in a halo to halo comparison. In addition, the quasar SDSS J1020+1040 could sit in a more massive DM halo than selected here. Such a halo would be characterised by higher circular velocity. Further, we caution that the comparison between observations and simulations suffers from the uncertainty on firmly placing the centre of the halo in observations (see section 4.1.1). Indeed, the agreement between observations and the simulation would be improved by shifting the reference position for the observed data (previously placed at SDSS J1020+1040) towards the companion Lyα emitters and the Lyα nebula by ≈ 23 kpc (or ≈ 3 ) and by −125 km s −1 , i.e. by one box along "Pseudo-slit 1" (orange points in Fig. 12 ). Such a better agreement would imply that the centre of mass of the system is not precisely located at the position of SDSS J1020+1040.
We further test this scenario by selecting all the orientations of the simulated halo which show a clear rotationlike signal within the virial radius, and compute the velocity curves as done for the previous orientation. Specifically, we have generated hundred velocity maps for the cool halo gas by sampling the whole sphere. ∼ 20% of this maps show a clear rotation-like signal within the virial radius. We have then extracted the velocity curves within a pseudoslit as done previously. In Fig. 13 we compare the region spanned by these simulated velocity curves drawn from different orientations with our observations, for both the datapoints estimated using the quasar as reference (red) and the shifted reference position (orange, as in Fig. 12 ). The good agreement between the observed and the simulated velocity curves confirms the plausibility of our interpretation, namely that the nebular Lyα emission traces motions of inspiraling baryons within the halo hosting the quasar SDSS J1020+1040. It is important to note that such motions can be easily probed by observations only if the bright Lyα emission extend out to large distances (comparable with the halo scale) from the quasar.
The Position of the Centre of the Main Halo
As discussed in the previous section, our interpretation of the velocity pattern as the signature of inspiraling structures within the quasar's halo requires the centre of the darkmatter halo to be in close proximity to SDSS J1020+1040. This hypothesis is supported by several pieces of evidence. First of all, clustering studies place SDSS quasars at these redshifts in very massive dark matter haloes M halo ≈ 10 12.5 M (White et al. 2012) , at least 30× more massive than the haloes hosting LAEs at the same redshift, M halo = 10 11±1 M (e.g., Ouchi et al. 2010) . Also, bright quasars at z = 2.7 seem to sit in M halo = 10 12.3±0.5 M and to reside in groups of galaxies (Trainor & Steidel 2012) . In addition, the two-point correlation function of quasars (combining SDSS DR7 quasars and the sample in Hennawi et al. 2006) requires only a very small fraction of quasars to be satellites ( f sat ∼ 10 −4 at z = 1.4) to explain their small-scale clustering, when interpreted in the framework of the halo occupation distribution (Richardson et al. 2012) . It is thus plausible that the halo of SDSS J1020+1040 acts as the main halo in its overdense environment, with the fainter objects being interacting structures or satellites. Intriguingly, note that the most favoured position of the centre of mass from the comparison with the direction perpendicular to the net angular momentum of the cool gas in the simulation (Fig. 12 Comparison of the observed Lyα velocity pattern with the prediction of a particular direction to a simulated halo. Line-of-sight mass-weighted velocity map for (A) the dark matter and (B) the cool gas (T < 10 4.5 K) in our simulation (Wang et al. 2015, appendix D) , smoothed to the same resolution of the observations. The maps show the halo as seen along a direction perpendicular to the net angular momentum of the cool gas (appendix D). In both maps, the white rectangle indicates the pseudo-slit used to extract the velocity curves presented in D. The circles denote the virial radius of the simulated dark matter halo, Simulated mass-weighted velocity shift computed along the pseudo-slit shown in A and B. The cool gas (blue) and dark matter (black) are compared to the flux-weighted velocity shift along "Pseudo-slit 1" (red) as from Fig. 10 . In orange we show the data-points for "Pseudo-slit 1" as if the halo centre was not co-spatial with the quasar SDSS J1020+1040, but shifted by ≈ 23 kpc (or ≈ 3 ) along "Pseudo-slit 1" and by ≈ −125 km s −1 (i.e. next white box along "Pseudo-slit 1" from the quasar position in Fig. 10 ), as shown in panel C. This position is also displaced from the peak of the extended Lyα emission at 1 from SDSS J1020+1040. To avoid confusion we omit the errorbars. Note that the errors on the simulated data-points are much smaller than the uncertainty shown for our observations in Fig. 10 .
ties on the redshift determination for the two QSOs, these shifts could then reflect the peculiar velocities of the two AGN with respect to SDSS J1020+1040 within a massive structure.
Secondly, the Lyα nebula is clearly associated with SDSS J1020+1040, being at its systemic redshift and showing its maximum near the quasar position (at ≈ 1 , Fig. 6 ). It is indeed plausible that the Lyα emission shows its maximum in proximity of the quasar where higher densities are expected. For example, the existence of a density profile within CGM with higher densities near the central galaxy has been proposed by Stern et al. (2016) , and inferred with the absorption technique in Lau et al. (2016) .
Even though the aforementioned hints are compelling, a firm determination of the halo centre would require challenging observations. Indeed, an additional evidence could be obtained by conducting a deep spectral-imaging survey (e.g. deeper IFU observations, submm data to estimate the redshift of faint or obscured companions) to characterise the velocity distribution of galaxies around SDSS J1020+1040. If such a distribution clearly peaks around the quasar's systemic redshift and no comparable massive galaxies are Pseudo-slit 1 Shifted reference Pseudo-slit 1 Figure 13 . Comparison of the observed Lyα velocity pattern with the overall prediction of a cosmological zoomin simulation of galaxy formation. The data points (red and orange) are the same as in Fig. 12 . The blue shaded area indicates the region covered by the predicted velocity curves for directions to the simulated halo which show a clear rotation-like signal within the virial radius. Such directions corresponds to ∼ 20% of the possible orientations. Given the remarkable agreement, our data seems to reveal structure assembly onto a massive dark matter halo.
found, SDSS J1020+1040 would then be considered as dominant. Obvious to say, this approach would need a statistical sample of satellites to accurately compute a velocity distribution. In addition to this approach, if SDSS J1020+1040 is indeed at the centre of a massive group, very deep X-ray observations might be able to constrain the emission from the diffuse hot-phase. If the peak of such emission (after removal of the intrinsic quasar's X-rays) appears to be close to SDSS J1020+1040 our hypothesis would then be definitely strengthened. Our overall approach reflects the techniques used at low redshift to constrain the properties of galaxy clusters, where the most massive galaxy has been often used as the centre of mass when other information were still not available (e.g., Kent & Gunn 1982) . Finally, note that a shift of the brightest object of a group from the centre of the mass distribution is frequently seen at low redshift. For example, the brightest cluster galaxy (BCG) in the prototypical strongly lensed massive clusters A383 (z = 0.1887) is displaced from the cluster centre by tens of kpc (21 ± 56 kpc) and tens of km s −1 (−11 ± 110 km s −1 ) (Geller et al. 2014 ).
Alternate Scenarios for the Observed Velocity
Shear within the ELAN
In the previous section, we argue that the velocity shear within the ELAN most likely traces the kinematics of the cool gas, which is expected to show a rotation-like pattern while accreting onto a dark matter halo, as shown in current structure-formation theories and cosmological simulations. The velocity offsets detected within the gaseous structure and the association of three AGN with the ELAN, together with their large velocity offsets from SDSS J1020+1040, thus seems to reflect the gravitational motions within a massive structure (e.g., Miley et al. 2006; Hennawi et al. 2015) . However, so far, we have neglected other possible mechanisms that might have shaped the Lyα emission around SDSS J1020+1040 (e.g., resonant scattering of Lyα photons).
In the next sections we thus discuss the alternate scenarios that could reproduce the observed velocity shear, which we conclude seems disfavoured given the current data. However, we emphasise that only future follow-up observations compared against future zoom-in cosmological simulations would be able to definitively rule out some of these scenarios.
Resonant Scattering within the ELAN
The resonant nature of the Lyα transition makes challenging, in most of the cases, its use as a tracer of the kinematics in astrophysical observations (e.g., Neufeld 1990, and references thereafter) . In particular, a Lyα photon typically experiences several scatterings before escaping the system in which it is produced because of the high opacity at line centre. As Lyα photons must diffuse into the wings of the line to leave the system (e.g., Neufeld 1990; Cantalupo et al. 2005) , double-peaked emission line profiles are thus expected especially for high neutral hydrogen column densities. In addition, because of the high number of scatterings, the emergent Lyα line profile could be also affected by the amount of dust and its particular distribution within the system (e.g., Neufeld 1990; Duval et al. 2014 ). Further, infalling or outflowing gas on galaxy scales have been shown to imprint a distinctive feature to the Lyα line profile, with absorption of the red or blue side of the line, respectively (e.g., Verhamme et al. 2006) . Therefore, the line profile is not expected to follow a simple analytical function, and additional non-resonant diagnostics are usually required to firmly characterise the motions within a system (e.g., Yang et al. 2014; Prescott et al. 2015a) . Notwithstanding these challenges, the Lyα line is the brightest and, in most of the cases, the only detected emission from the diffuse CGM and IGM, and hence it provides a unique opportunity to study the kinematics of these diffuse gas phases on very large scales, once the resonant scattering effects are taken into account.
Not being able to rely on non-resonant emission lines (He ii is not detected, section 3.2.2), to assess the importance of resonant scattering of Lyα photons within the ELAN here studied, we have thus carefully inspected the Lyα line shape. First, our test in appendix C2 shows that the moment analysis presented in section 3.2.1 is in complete agreement with a Gaussian fit for all the extent of the ELAN, resulting in fully compatible maps (Fig. C2) . This agreement has been further demonstrated in Fig. C3 for the emission within "Pseudo-slit 1". As an additional check, in Fig. 14 we show the Lyα emission line shape in four circular regions of radius 2 . We choose these regions because they are representative of the different velocity dispersions that are present in in first approximation Gaussian lines (detected at high significance), with regions 2 and 3 presenting wider emission (FWHM≈ 1000 km s −1 ), while regions 1 and 4 more quiescent kinematics (FWHM 600 km s −1 ). Therefore, we conclude that our data are well approximated by a Gaussian down to the MUSE spectral resolution of FWHM≈ 2.83Å, or ≈ 170 km s −1 at 5000Å (i.e. close to the Lyα line wavelength). Further, it is interesting to note that the estimate for the overall widths within the Lyα structure are comparable to the velocity widths observed in absorption in the CGM surrounding z ∼ 2 quasars (∆v ≈ 500 km s −1 ; Prochaska & Hennawi 2009; Lau et al. 2016) . Both the emission and absorption kinematics are comparable to the virial velocity ∼ 300 km s −1 of the massive dark matter haloes hosting quasars (M DM ∼ 10 12.5 M ; White et al. 2012) . All these evidences suggest that resonant scattering of Lyα photons do not play an important role in this system as opposed to intrinsic motions. Even though resonant scattering effects could be in place on small scales (10 kpc) and be hidden at the current spectral resolution (Verhamme et al. 2012 ) (e.g., "double-peaked" profiles, and/or faint absorption from low column density gas), we argue that on the much larger scales spanned by the Lyα nebula, resonant scattering seems to be negligible. Indeed, it has been demonstrated that the resonant scattering process results in a very efficient diffusion in velocity space, such that the vast majority of resonantly scattered photons produced at a certain location should escape the system after propagating for only small distances ( 10 kpc; Dijkstra et al. 2006; Verhamme et al. 2006; Cantalupo et al. 2014) . Interestingly, to our knowledge, in all the currently known large-scale radio-quiet Lyα nebulosities where both Lyα emission and the non-resonant HeII emission are detected on > 50 kpc scales (Prescott et al. 2015a; Cai et al. 2017) , the two lines show the same shapes, suggesting that the Lyα line on such large scales (hundreds of kpc) might trace the kinematics of the gas just as well. For these reasons we thus claim that the extended Lyα emission around the quasar SDSS J1020+1040 can be used to trace the cool gas motions on halo scales. Further, for the same reasons, we argue that resonant scattering effects are not able to produce the ≈ 300 km s −1 coherent velocity shear observed within the ELAN on hundreds of kpc. However, future observations through additional diagnostics (e.g. polarization, higher resolution spectroscopy) are needed to firmly confirm the low importance of scattering within this system.
Two Independent "Blobs" at Two Different Redshifts within a Large-scale Structure in Projection
A first look at the velocity map in Fig. 6 could give the impression of two independent nebulae with different redshifts, i.e. one at the redshift of the quasar SDSS J1020+1040 and the other in the NW direction at ≈ 300 km s −1 (or ∆z ≈ 0.004), separated at the "boundary". The velocity shift between the two nebulae could be interpreted as a largescale structure in projection with a maximum extent of at least 600 kpc (or a comoving distance of ≈ 2.53 h −1 Mpc), when converting the velocity difference into distance assuming the structure to be in the Hubble flow. If this is indeed the case, to our knowledge, this structure could then represent the largest cosmic-web patch traced in Lyα to date. Even though we consider such a scenario of great interest, as we explicitly conduct our surveys (Arrigoni Battaia et al. 2016 and QSO MUSEUM, Arrigoni Battaia et al., in prep.) to search for large-scale structures with the hope of directly detect the IGM, we argue that several lines of evidence contradict this interpretation. We list them in what follows.
1) The peak of the Lyα emission continuously shifts in velocity with distance from the quasar SDSS J1020+1040 (Fig. 10, Fig. 11 ) and does not show any evidence for doublepeaked Lyα line profiles at the "boundary". In other words, the line profiles do not show two distinct peaks separated by 300 km s −1 (and thus at two different redshfits), which would be clearly distinguishable at the MUSE spectral resolution and because of the small width of the Lyα line within the ELAN. This can be once again appreciated in Fig. 15 where we show the Lyα profiles in three boxes of 2 × 3 7 at this location (the "boundary"), which one might assume to be the region where the two nebulae overlap. In all the apertures, the Lyα line is characterised by a single peak slightly redshifted from the quasar systemic, as expected from our overall analysis. As also demonstrated by the Gaussian fit analysis (appendix C2), the same exercise do not reveal any double-peaked Lyα profile in any region within the ELAN. If what we see are two independent nebulosities, the bright emission from these two structures thus do not overlap, but has to stop exactly where they touch in projection.
2) In the framework of two independent nebulosities, it would be difficult to explain the symmetrical gradual shift in velocities at both positive and negative projected distances (−50 < d < 50 kpc) from the quasar SDSS J1020+1040 (Fig. 10, Fig. 11) , and justify at the same time a separation of these signatures with respect to the coherent redshifted NW portion at higher positive distances without involving any kinematics (e.g. rotation-like and accretion).
3) In a two nebulae scenario, projection effects due to our vantage point conspire to perfectly mimic the expected kinematics and sizes of a dark matter halo hosting quasars. Indeed, it is intriguing that the Lyα emission is detected only within ≈ 170 projected kpc and with velocity shifts < 400 km s −1 , when the expected virial radius for a quasar is ≈ 160 kpc ) and the expected virial velocity is v vir = 293 km s −1 (M DM = 10 12.5 M White et al. 2012). Such mimicking seems highly improbable for at least two reasons. First, the observed velocities along the line-ofsight within a large-scale structure in projection would be greatly affected by the flow velocities of the gas within the structure itself. Indeed the gas within filaments in haloes is expected to flow with velocities ∼ 200 km s −1 (Dekel et al. 2009; Goerdt & Ceverino 2015) . On top of this, resonant scattering effects of Lyα photons may greatly affect any such structure aligned along the line-of-sight, as Lyα photons have to pass through the structure itself to reach the observer. Distance information would therefore be highly distorted, especially for such a large reservoir of neutral hydrogen. 4) If the structure is along the line of sight, the hard ionizing radiation of the quasar SDSS J1020+1040 has to impinge on the gas. Indeed, in accord with unified models of AGN (e.g. Antonucci 1993) quasars should emit in roughly symmetrical ionization cones. Being un-obscured along our line-of-sight, one should expect the quasar to be un-obscured also in the opposite direction. If this is the case, given the high luminosity of SDSS J1020+1040, photoionization would be undoubtedly the main powering mechanism for the whole extended emission (Cantalupo et al. 2014; Hennawi et al. 2015 ; Arrigoni Battaia et al. 2015b) . In this scenario, the observed high Lyα surface brightness and the absence of extended He ii require implausibly high densities (n H > 100 cm −3 ) within at least 350 kpc spanned by the ELAN in the Hubble flow. Such high density values would be in stark contrast with current cosmological simulations which predict n H ∼ 10 −2 − 10 −5 cm −3 in the CGM and IGM (e.g. Rosdahl & Blaizot 2012). On top of this, a photoionization scenario would predict a smooth transition between optically thin and thick gas (to ionizing radiation) while moving from small to large distances from the quasar. As the Lyα surface brightness is proportional to n H , and column density N H in the optically thin regime (i.e. SB thin Lya ∝ n H N H ), while only to the ionizing luminosity in the optically thick regime (i.e. SB thick Lya ∝ L ν ) (Hennawi & Prochaska 2013) , this scenario would imply a tuning between the different values so that the transition happens while roughly preserving the same level of observed Lyα surface brightness in the whole extent of the ELAN (Fig. 6) . We discuss this analysis in detail in appendix E.
Notwithstanding these arguments, additional observations are needed to completely rule out this scenario, i.e. polarization study of the Lyα emission (determination of the powering mechanism), observations in other gas tracers to confirm the Lyα line shape (e.g. deeper MUSE observations, deep observations targeting the Hα line), or observations with a higher spectral resolution (importance of scattering). In each region, the Lyα line do not show two distinctive peaks at two different redshifts (at 0 and 300 km s −1 ) expected in the case of two independent structures in projection. Note however, that there is a fainter and very narrow peak at ≈ 420 km s −1 in all of the spectra. Higher resolution data are needed to study the nature of this feature.
A Large Rotating Disc
A large rotating disc (in a dark-matter halo with R = 225 kpc, M halo = 10 13.1 M , circular velocity v c = 500 km s −1 ) has been proposed to interpret the ELAN around the radioquiet quasar UM 287 (Martin et al. 2015) . We thus discuss the same scenario for our observations, even though we consider the presence of an ordered disc extremely implausible given (i) the presence of SDSS J1020+1040 and two strong LAEs at the same redshift and embedded within the ELAN, and (ii) the morphology of the nebula, in which there are clear substructures. Indeed a disc -unlike accreting substructures from different directions -is a coherent structure flattened on one plane and supported by rotation in the same plane. Hence, in the case of a disc, one would expect the largest and smallest velocity shifts along the major axis (the pseudo-slit direction in our case), while the velocity should drop to zero as we go from the major to minor axis. In such a scenario, the disc centre must be placed at the "boundary" (see Fig. 6 ). If one assumes the disc is sitting in a massive halo like in Martin et al. (2015) , circular velocities as high as 400 km s −1 are expected at about 60 kpc. Given that the observed maximum velocity shift from the boundary is ≈ 150 km s −1 , an almost face-on disc would be required with an inclination i < 20 • . Indeed, the observed line-of-sight velocity within the Lyα "disc" would depend on the inclination of the disc itself with a sin i term. The morphology of the Lyα emission and the presence of the embedded sources run counter to this interpretation. On the other hand, if we assume an almost edge-on Lyα disc, the observed velocities would imply the presence of a less massive system M ≈ 10 11.32 M , in strong contrast with the predicted aver-age mass for quasar haloes (White et al. 2012 ). In addition, once again, it seems implausible that the Lyα morphology is associated to a stable edge-on disc (see also Fig. 11 ).
A Large-scale Outflow Driven by Quasar or Star-formation Activity
Cosmological simulations of galaxy formation usually invoke the presence of AGN feedback to reproduce the observed properties of massive systems, in particular to not overpredict the stellar mass, (e.g., Sijacki et al. 2007; Schaye et al. 2015) . This is because in principle supermassive blackholes (SMBHs) have enough energy to be coupled with the surrounding gas in a strong wind with velocities grater then the escape velocity of even the most massive galaxies (Silk & Rees 1998) . SMBHs should thus quench starformation by disrupting the gas reservoir within galaxies. In addition, star-formation driven winds are expected to shape the galaxy properties especially at the low mass end of the galaxy population, where the injected supernovae energy is large enough to overcome the galaxy potential (e.g., Dekel & Silk 1986; Scannapieco et al. 2008 ). Both these feedback mechanisms are predicted to heavily affect the gas distribution and properties on hundred kpc scales, especially when implementations with a strong coupling are used (e.g., Vogelsberger et al. 2014) . Such outflows would result in high velocity shifts and velocity dispersions clearly observable with current instrumentations. We here compare our data with such a scenario. However, given the large uncertainties on the current feedback implementations and modelling of outflows, we prefer to compare our observations with current data in the literature. The great effort in searching for AGN or star-formation driven outflows (or winds) has so far resulted in evidence for their presence on maximum ten kpc scales for radioquiet objects at both low and intermediate redshifts (e.g., Nesvadba et al. 2011; Harrison et al. 2014; Kakkad et al. 2016; Steidel et al. 2010; Rubin et al. 2014) . Hundreds kpc outflows have only been reported around HzRGs, where a strong radio-jet is able to displace the surrounding gas (e.g., Swinbank et al. 2015) . In general, on kpc scales starformation driven winds show lower peak velocities and velocity dispersions (∼ 300 km s −1 ) than AGN powered outflows (∼ 2000 km s −1 ). Importantly, even some of the most luminous galaxies at high redshift, such as the Ultraluminous Infrared Galaxies (ULIRG), show outflows in the ionized phase only out to few kpc ( 15 kpc) and with velocity up to ∼ 1000 km s −1 (e.g. Harrison et al. 2012) , with faster outflows likely powered in the presence of an AGN. On the other hand, the large scale (hundreds of kpc) outflows around HzRGs present velocity shifts and FWHM of > 1000 km s −1 . These outflows are often aligned with the radio axis and represent the highest surface brightness part of the extended Lyα emission around HzRGs (Villar-Martín et al. 2003) .
This large body of observations are clearly at odds with our dataset. Indeed, given that all the embedded sources lack evidence for large displacements of the Lyα line peak, the relatively quiescent and continuously rising kinematics traced by the Lyα line around SDSS J1020+1040 can not be easily reconciled with an AGN wind scenario. The system around SDSS J1020+1040 is thus substantially different from the ELAN studied in Cai et al. (2017) , and currently interpreted as powered by an obscured QSO. Indeed, in that system, two velocity components are observed with a velocity shift of ≈ 700 km s −1 on 30 kpc scales in both Lyα, HeII and CIV, all presenting FWHM ≈ 700 − 1000 km s −1 . The presence of these additional emission lines besides Lyα clearly invoke the presence of a fast shock or an embedded hard ionizing source.
Further, the large size of the ELAN around SDSS J1020+1040 together with the small velocity dispersion throughout its extent with a continuous peak displacement (an ordered flow pattern), seems to disfavour a starformation-driven wind. Indeed such a scenario would require a coherent high energy input from several coeval supernovae to sustain a massive wind for hundreds of kpc within a massive system. Even though supernova driven superwinds (with velocities up to 1000 km s −1 ) have been theorized to explain radio-quiet giant Lyα nebulae (e.g. Taniguchi & Shioya 2000) , a growing body of observations are in stark contrast with such a scenario (e.g. Yang et al. 2014 ). In addition, even a shock with low velocities (∼ 100 km s −1 ) may result in the production of hard ionizing photons and thus in detectable extended emission in the He ii and C iv lines within our sensitivity limits (Allen et al. 2008; Arrigoni Battaia et al. 2015a ). Our upper limits on C iv/Lyα and He ii/Lyα (section 3.2.2) appear to be in contrast with the ratios expected ( Figure 13 in Arrigoni Battaia et al. 2015a) , and thus disfavour such a scenario. However, while we argue against a wind scenario to reproduce the velocity shear on hundreds of kpc, we cannot exclude the presence of both feedback effects on small scales (as usually reported in the literature) in close proximity to the compact sources embedded within the ELAN.
Finally, we stress the similarity of the kinematics traced within this ELAN around SDSS J1020+1040 with the quiescent haloes observed around HzRGs (e.g., Villar-Martín et al. 2003) . Indeed, HzRGs not only present highly disturbed kinematics, but also the presence of low surface brightness haloes with velocity shifts and FWHM of few hundreds of km s −1 . This emission is usually interpreted to be associated with the cool reservoir within a quiescent host halo not perturbed by the radio activity of the HzRG (Villar-Martín et al. 2003) .
Powering Mechanisms and Physical
Properties of the Emitting Gas
Our observations reveal emission from only the Lyα transition from the ELAN associated with the quasar SDSS J1020+1040. Because several mechanisms could in principle act together to produce Lyα emission on hundreds of kpc scales (section 3.2.2), characterizing the physical properties of the emitting gas is a problem of complexity, and only ad-hoc comprehensive simulations of massive haloes would shed light on the nature of bright and giant Lyα nebulae, once the current computational problems would be bypassed (e.g. Cantalupo et al. 2014; Arrigoni Battaia et al. 2015a; Hennawi et al. 2015; McCourt et al. 2016 and appendix D). Here we briefly discuss which mechanisms could be in play, and what physical properties are then expected.
The dominant powering mechanism has to reproduce the high level of the observed surface brightness of the Lyα line SB Lyα ∼ 10 −17 erg s −1 cm −2 arcsec −2 on scales of ∼ 100 kpc, together with its kinematics. Specifically, the ELAN around SDSS J1020+1040 shows overall quiescent kinematics (FWHM 600 km s −1 ), with more disturbed and active ones (larger velocity dispersion) in proximity of the three AGN, and a rotation-like pattern.
Such quiescent kinematics has been seen in several extended Lyα nebulae discovered so far around radio-quiet quasars for which we have spectroscopic information Hennawi et al. 2015; Borisova et al. 2016) . All these nebulosities have been overall interpreted as powered by fluorescence emission, i.e. recombination radiation boosted by the quasar ionizing radiation (e.g., Cantalupo et al. 2005; Kollmeier et al. 2010) . However, if the luminous quasar does not shine directly on the surrounding gas (e.g. depending on its opening angle and orientation), then alternative powering mechanisms, i.e. photoionization from star-formation, shocks from superwinds (e.g., Taniguchi & Shioya 2000; Mori et al. 2004 ), scattering of Lyα photons (e.g., Dijkstra & Loeb 2008) , and "cooling radiation" (e.g., Haiman et al. 2000; Rosdahl & Blaizot 2012) , could still be relevant. In the case of SDSS J1020+1040, we have already discussed the evidence against the presence of superwinds or a large contribution from resonant scattering, concluding that these processes could only be effective in altering the ELAN properties on small scales ( 10 kpc) (section 4.2). In the remainder of this section we briefly consider "cooling radiation" and photoionization in the case of SDSS J1020+1040.
Cooling radiation
"Cooling radiation", i.e. collisional excitation driven Lyα emission from gravitational accretion, is often invoked to explain extended Lyα emission (e.g., Fardal et al. 2001; Rosdahl & Blaizot 2012) . The strength of such emission is largely "controlled" by the collisional excitation coefficient given by C Lyα = 3.7 × 10 −17 exp(−hν/k B T )/T 1/2 erg s −1 cm 3 (Osterbrock 1989) , where h is the planck constant and k B is the Boltzmann constant. Given the exponential dependence on temperature of C Lyα and (being a collisional process) on gas density squared (in the ionized case), this mechanism requires a "fine tuning" between the temperature and density of the gas to reproduce the observed bright SB Lyα , while taking into account the detail balance of heating and cooling within the gas itself. Dijkstra & Loeb (2009) argue, while modelling LABs in an analytical way, that if 10% of the change in gravitational binding energy in ISM-like dense (n H 1 cm −3 ) cold (T ∼ 10 4 K) flows goes into heating of the gas, then cold flows in massive haloes (M halo 10 12 − 10 13 M ) would be detectable as LABs. The same picture, but with lower densities, has been reproduced with cosmological simulations (Furlanetto et al. 2005; Faucher-Giguère et al. 2010; Rosdahl & Blaizot 2012) . These works show how gas with n H 0.3 cm −3 (the CGM for those simulations), whose emission is dominated by collisional excitation, accounts for 40% of the total Lyα luminosity (Rosdahl & Blaizot 2012) , and could be detected as a LAB. The high gas densities in the cold flows are caused by the confinement due to the presence of hot gas within the virial radius of the system (Dijkstra & Loeb 2009) . For this reason, it is expected that outside the virial radius the emission powered by "cooling radiation" declines considerably as no hot gas is present and the cold flows would then be much more rarefied (Dijkstra & Loeb 2009; Dekel et al. 2009; Kereš et al. 2009 ).
One could speculate that cooling radiation is indeed what we see around SDSS J1020+1040. Indeed, in the favoured scenario (i.e., inspiraling cool gas), we probe the quasar halo, and therefore the Lyα emission does not extend much beyond the expected virial radius. In addition, the infall of the gas is expected to occur with coherent velocities of the order of 200 km s −1 (e.g., Dekel et al. 2009; Goerdt & Ceverino 2015) , which are consistent with the observed velocity dispersion. Further, in this scenario, our non detections on large scales for the He ii and C iv lines would reflect the low signal expected in He ii in massive haloes (SB HeII ∼ 10 −20 erg s −1 cm −2 arcsec −2 ; Yang et al. 2006) , and the low metallicity expected for inflowing gas (but note Lau et al. 2016) , respectively.
Photoionization
Even though the emission around SDSS J1020+1040 seems to be interpretable in light of a "cooling scenario" in the aforementioned qualitative way, the high Lyα surface brightnesses on hundreds of kpc scales (SB Lyα ∼ 10 −17 erg s −1 cm −2 arcsec −2 ) are not easily reproduced in simulations with current expected densities and temperatures (e.g., Rosdahl & Blaizot 2012; Faucher-Giguère et al. 2010) , and it is thus difficult to firmly assess if this is the main powering mechanism. To reproduce the observed high SBs, lower temperatures or higher densities in the framework of a "pure" cooling radiation scenario are thus needed. In this regard, note that cosmological simulations could probably still miss high densities in the CGM due to computational issues or current subgrid prescriptions. Indeed, the abovementioned works show that to reproduce the LABs, the Lyα emission should come from gas dense enough to be almost star-forming in their simulations (e.g., Furlanetto et al. 2005; Faucher-Giguère et al. 2010; Rosdahl & Blaizot 2012) .
In addition, the sources embedded within the Lyα emission could photoionize the surrounding gas and thus boost the Lyα signal through recombination radiation (fluorescence). This effect has not been accounted for when dealing with the "cooling radiation" scenario (e.g., Dijkstra & Loeb 2009; Rosdahl & Blaizot 2012) , as studies were focused on a conservative "cooling flow" framework. Given the very mild dependence on temperature and ionisation state for the recombination radiation, this process seems more plausible for extended Lyα nebulae around quasars (e.g., Cantalupo et al. 2014; Borisova et al. 2016) . The far higher luminosity of SDSS J1020+1040 in comparison to its companions (see section 3.1), likely makes it the dominant source of radiation if it illuminates the ELAN. However, we don't exclude the possibility that the type-2 AGN1 may be brighter as seen from the nebula than from our perspective. Nevertheless, it is unlikely that its emission overcame the ionizing radiation from SDSS J1020+1040, given the intensity of the observed narrow lines, e.g. C iv.
If we then assume the ELAN to span the CGM around SDSS J1020+1040, and the bright quasar to illuminate it, the emitting gas has to be highly ionized, and thus optically thin to the ionizing radiation (Arrigoni Battaia et al. 2015b ).
In this regime, the Lyα emission would follow SB thin Lyα ∝ n H N H , and thus would not depend on the luminosity of the central source (as long as the quasar is able to keep the gas ionized) (Hennawi & Prochaska 2013) . If the physical properties of the emitting gas (n H , N H ) are roughly the same, the aforementioned relation thus naturally explain the roughly constant high surface brightness in the whole extent of the ELAN.
As shown by Arrigoni Battaia et al. (2015b) , strong constraints on the level of the He ii line can break the degeneracy between n H and N H (and thus the cool gas mass) inherent in the observation of the SB Lyα alone in this optically thin regime. We thus use the Cloudy photoionization code (v10.01), last described by Ferland et al. (2013) , to constrain the physical properties of the emitting gas around the quasar SDSS J1020+1040, focusing in particular on the NW emission at ≈ 120 kpc (the high S/N portion, solid red contour in Fig. 8 ). In particular, we perform a similar analysis as in Arrigoni Battaia et al. (2015b) , using (i) their same prescriptions for the input quasar SED, using the MUSE spectrum of SDSS J1020+1040 (Fig. 2) and masking the Lyα and C iv lines to avoid contribution to both emissions from scattering of photons from the quasar. As in Arrigoni Battaia et al. (2015b) , for the extreme ultraviolet (UV) we adopt a slope of α UV = −1.7 (Lusso et al. 2015) , and determine the luminosity at the Lyman limit of SDSS J1020+1040 to be L ν LL = 2.8 × 10 31 erg s −1 ;
(ii) a standard plane-parallel geometry for the emitting clouds illuminated by the quasar at a distance of 120 kpc; (iii) a grid of models with this wide range of parameters given the dependence of SB Lyα on n H , and N H , and the dependence on metallicity (Z) of the C iv and He ii lines, and of the collisional excitation: (a) n H = 10 −2 − 10 3 cm −3 (steps of 0.2 dex), (b) N H = 10 18 − 10 22 cm −2 (steps of 1 dex), (c) Z = 10 −3 − 1 Z solar (steps of 1 dex).
Note that photoionization models are self-similar in the ionization parameter U ≡ φ LL cn H , which is the ratio of the number density of ionizing photons to hydrogen atoms. As the luminosity of the quasar is known, the variation of U results from the variations of n H , as can be seen in panel F of Fig. 16 , where we show the predictions of this calculation for Z = 0.1 Z solar (expected for CGM gas; Lau et al. 2016 ). As we discuss in section 3.2.2, our MUSE observations constrain the Lyα emission of the NW bright clump at 120 kpc to be SB Lyα = (1.81 ± 0.08) × 10 −17 erg s −1 cm −2 arcsec −2 , and yields 5σ upper limits of SB HeII < 8.1 × 10 −19 erg s −1 cm −2 arcsec −2 and SB CIV < 7.2 × 10 −19 erg s −1 cm −2 arcsec −2 . On the other hand, each photoionization model in our grid predicts the intensity of these emission lines. Fig. 16 report the trajectory of these models of different N H as a function of n H and compare those values to our measurements. Our calculation confirms that optically thin gas (log[N HI /cm −2 ] 17.2; see panel B) can reproduce the SB Lyα at the NW clump (horizontal line in panel A), while optically thick gas would result in ≈ 20× higher levels of emission. However, it is clear that the models that reproduce the observed SB Lyα present levels of He ii too high to be in agreement with our observations (see panels C), unless the emitting gas is characterized by very high densities and low column densities. Specifically, only models with n H 690 cm −3 and log[N H /cm −2 ] 18 are able to match our observations (SB Lyα and He ii upper limit). Given the stringent constraint He ii/Lyα< 0.045, this result is also valid for the other metallicities here studied (see Figure 7 in Arrigoni Battaia et al. 2015b) , and would change by roughly a factor of 3 (n H > 250 cm −3 , Arrigoni Battaia et al. 2015b ) if we adopt the softest ionizing slope (α UV =-2.3) in agreement (within 1σ ) with the quasar average spectrum in Lusso et al. (2015) . The high values for n H and low values for N H are in strong contrast with the average values expected within the quasar CGM, i.e. n H ≈ 10 −2 − 10 −3 cm −3 and logN H = 20.5 (e.g., Rosdahl & Blaizot 2012; Lau et al. 2016; Arrigoni Battaia et al. 2016 ). This result exacerbates similar conclusions found when studying the ELAN around the quasar UM 287, i.e. n H 3 cm −3 and logN H 20 (Arrigoni Battaia et al. 2015b) , and would thus increase the tension with current simulations of cosmological structure formation (see discussion in Cantalupo et al. 2014; Crighton et al. 2015; Arrigoni Battaia et al. 2015b; Hennawi et al. 2015; McCourt et al. 2016 ), which are currently not able to follow such high densities within the diffuse CGM/IGM. However, as the predicted values in the case of SDSS J1020+1040 seem implausible in comparison to the expectations, we conclude that the quasar is probably not directly shining on the ELAN, or/and it should have a spectral energy distribution much softer than the average quasar.
In the case of a photoionization scenario, the fainter embedded sources together with eventual obscured sources not detected in our observations (i.e. obscured starbursts, submillimeter galaxies) could thus probably largely contribute to the powering of the Lyα emission. In particular, given the expected softer UV radiation from star-forming galaxies with respect to a quasar, photoionization from these objects could explain the observed level of SB Lyα , together with the non-detections in He ii and C iv with more reasonable densities (∼ 1 cm −3 ). In addition, part of the cool CGM in quasar haloes and emitting in Lyα could be gas stripped from infalling satellites (e.g., Arrigoni Battaia et al. 2012 ). Such gas has been predicted to emit preferentially through collisional excitation in low-redshift systems, though definite conclusions on this have not been reached (e.g., Tonnesen & Bryan 2011) . If this is the case also at high redshift, part of the Lyα emission could be due to this process, and would result in larger and brighter ELANe depending on the phase of the interaction we witness. Further, powering mechanisms linked to companion objects can explain (i) the detections of the rotation-like pattern in a transverse direction with respect to the bright quasar without requiring ad-hoc orientation of the ionizing cone together with an ad-hoc wide opening angle for the AGN emission (> 90 • ), and (ii) the asymmetry of the ELAN, or in other words the absence of bright extended emission detected at negative distances from the quasar without requiring lack of cool gas within the ionizing cone of the quasar. Indeed at these locations no bright companions are detected down to our sensitivity limit.
Finally, extended star-formation may be occurring in this large-scale nebula, and thus power, at least partially, the Lyα emission. Indeed, the presence of widespread starformation and molecular gas on hundreds of kiloparsecs has Figure 16 . Photoionization modeling of the maximum within the NW redshifted emission assumed to be at 120 kpc, Z = 0.1 Z . The calculation has been performed using the photoionization code Cloudy (Ferland et al. 2013 ). We show, as a function of n H , the predicted SB Lyα in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of neutral hydrogen N HI , the predicted SB He II in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of singly ionized helium N He II , the predicted SB C IV in units of 10 −18 erg s −1 cm −2 arcsec −2 , and the ionization parameter U, respectively in (A), (B), (C), (D), (E), and (F). The solid horizontal lines show our measurement for SB Lyα and the upper limits for SB He II and SB C IV . The horizontal dashed lines indicate the theoretical threshold dividing the optically thin regime from the optically thick case for that element. For neutral hydrogen is at N HI = 10 17.2 cm −2 , while for helium is at N He II = 10 17.8 cm −2 . If the quasar SDSS J1020+1040 is illuminating the emitting gas, only models with n H 690 cm −3 and log[N H /cm −2 ] 18 would match our observational constraints at this position.
been unveiled in the case of the Spiderweb radio-galaxy at z = 2.161, where a giant Lyα nebula encompass several galaxies (Emonts et al. 2016 ).
Summarizing, we can not firmly constrain the powering mechanism for the extended Lyα emission. Most likely, the high level of SB Lyα that we discovered is due to a complex combination of all the aforementioned processes. Additional observations are thus needed to disentangle the contributions from each mechanism. A step towards a better understanding of this system could originate from our followup campaign in the submillimeter regime (to search for the presence of dust-obscured highly star-forming galaxies associated with the ELAN, e.g., Geach et al. 2016 , extended star formation, and molecular gas), or by our planned observations to estimate the polarization of the Lyα emission (to verify the importance of scattering within the ELAN and to understand which are the powering sources, e.g. Prescott et al. 2011) . Notwithstanding these uncertainties, the bright levels of Lyα emission seems to imply high n H values ( 1 cm −3 ) irrespective of the powering mechanism invoked.
SUMMARY AND CONCLUSIONS
To characterise the frequency of detection of the enormous Lyα nebulae (ELANe) (SB Lyα 10 −17 erg s −1 cm −2 arcsec −2 at 100 kpc) around quasars (Cantalupo et al. 2014; Hennawi et al. 2015; Cai et al. 2017) , and characterise the physical properties of the CGM/IGM in emission, we have initiated a survey of the population of z ∼ 3 quasars using MUSE on VLT, i.e. QSO MUSEUM (Arrigoni Battaia et al., in prep.) . In this framework, we here report the discovery of an additional ELAN around the radio-quiet quasar SDSS J1020+1040 at z = 3.167. This ELAN spans a maximum projected distance of 297 kpc, and show an average Lyα surface brightness SB Lyα ∼ 6.04 × 10 −18 erg s −1 cm −2 arcsec −2 (within the 2σ isophote). Notwithstanding the high SB Lyα , the ELAN does not show extended emission in He ii and C iv down to our deep SB limits, resulting in stringent upper limits on the line ratios, i.e. He ii/Lyα< 0.020 and C iv/Lyα< 0.018 (5σ ).
Further, this ELAN is associated with an additional four embedded sources besides SDSS J1020+1040, i.e. two LAEs and two faint AGN SDSS J1020+1040 thus seems to reside in an overdense environment as the ELAN associated with the only quadruple AGN known at high redshift . Such an occurrence hints to a scenario in which ELANe are preferentially observed in overdensities (Matsuda et al. 2005 (Matsuda et al. , 2009 Saito et al. 2006; Prescott et al. 2008; Yang et al. 2009; Hennawi et al. 2015) .
Also, this ELAN shows coherent kinematics, i.e. small gradient (300 km s −1 ) and velocity dispersion (< 270 km s −1 ), on very large scales (hundreds of kpc) at high significance. Specifically, the ELAN shows a velocity shear of ∼ 300 km s −1 between its SE and NW edges. After considering several scenarios (e.g., resonant scattering, outflows, coherent disc) to explain this observed velocity shear, and by comparing the velocity field of the ELAN with a cosmological zoom-in simulation, we conclude that we are likely witnessing the accretion of sub-structures onto a central massive halo. Our discovery is in agreement with current theory of structure formation for infalling sub-structures which predict the presence of a rotation-like pattern on halo scales. Our interpretation thus remarkably differs from previous studies in the literature which explain the kinematics within extended Lyα nebulae as coherent thin discs, on similar sizes (Martin et al. 2015) or on smaller scales (radius of ≈ 3 or ≈ 25 kpc; Prescott et al. 2015b ).
Independent of the origin for the observed cool halo gas (e.g., hot or cold mode accretion, stripping of satellite galaxies, feedback), our observations reveal the potential for high precision spatial mapping of gas kinematics on circumgalactic and intergalactic scales around massive systems, thought to be the progenitors of present-day elliptical galaxies (White et al. 2012 ). Such observations encode precious information about the formation of such systems, possibly unveiling clues on the intimate connection between baryons, dark matter, and the large-scale structures at these early epochs (e.g. van den Bosch et al. 2002; Sharma & Steinmetz 2005; Aragón-Calvo et al. 2007; Zhang et al. 2009; Codis et al. 2012; Zjupa & Springel 2017) . Ultimately, a large sample of similar observations would enable a statistical characterisation of the geometrical uncertainties inherent to this study, and open up the possibility of comparing the angular momentum of the observed halo gas to the predicted spin of their dark matter haloes. This would allow us to better comprehend the angular momentum build-up that eventually leads to the formation of a central massive disc (Fall & Efstathiou 1980; Stewart et al. 2016) , before further accretion, violent mergers and interactions reshape it into an elliptical galaxy (e.g., Gott 1975; Oser et al. 2010 ). Although there is a wealth of theoretical work addressing the formation of Milky Way analogs, we stress the lack of simulations targeting more massive systems (M DM > 10 12 M at z ≈ 3). Further development on this mass scales, with particular emphasis on the challenges in reproducing ELANe (Cantalupo et al. 2014; Arrigoni Battaia et al. 2015b; Hennawi et al. 2015; McCourt et al. 2016 and appendix D) , are crucial to examine the processes of galaxy formation and gas accretion at early times. With the ongoing and planned observations with new sensitive integral-field spectrographs (e.g., Borisova et al. 2016, Arrigoni Battaia et al., in prep.) this field is rapidly emerging.
(where L 1700Å is the monochromatic luminosity at restframe 1700Å). In this formula, negative velocities indicate blueshifts from systemic, and thus a positive correction needed to get the correct systemic redshift. From the MUSE spectrum of SDSS J1020+1040 extracted within a circular region (R = 1.5 ; see Fig. 2) , we obtain f 1700Å = (19.4 ± 0.5) × 10 −17 erg s −1 cm −2Å−1 9 , and thus λ L 1700Å = (2.87 ± 0.07) × 10 46 erg s −1 . Using this value, we estimate an expected blueshift of -164 km s −1 . We then estimate the peak of the C iv line, as specified in Shen et al. (2016) , and obtained z = 3.162. Adding the previously determined shift gives then z SDSS J1020+1040 = 3.164 ± 0.006. The error on the redshift reflects the 415 km s −1 intrinsic uncertainty of the empirical calibration in Shen et al. (2016) . To have a firm interpretation of the system surrounding SDSS J1020+1040, a better determination of the redshift is certainly needed. However, we note that the narrow and bright emission evident after the PSF subtraction in close proximity to the bright quasar, which we interpret as the extended emission line regions (EELR; Husemann et al. 2014 ) associated with SDSS J1020+1040, has a redshift in agreement with the above calculation, i.e. z = 3.167 ± 0.001 (see section 3.2). In this work, we thus assume that the quasar and the ELAN are at the same redshift, and thus physically associated.
APPENDIX B: THE QUASAR SDSS J1020+1040 IS NOT RADIO-LOUD
As discussed in section 2, while building our survey QSO MUSEUM, we have carefully selected our targeted quasars to try to cover any dependence on the presence of an ELAN with radio activity, companion sources, luminosity, etc. Thus, we collect from the literature these information, if present, and check for any inconsistency.
In the case of SDSS J1020+1040, we found that it has been so far considered as the counterpart of a strong radio emission (F = 515 mJy at 1.4 GHz; Condon et al. 1998) , and thus as a radio-loud object. However, the available radio data together with our MUSE data clearly rule out an association of the quasar SDSS J1020+1040 with the strong radio emission, which instead appear related to an unknown HzRG at ∼ 30 from the quasar SDSS J1020+1040, but at much lower redshift.
Specifically, SDSS J1020+1040 was initially catalogued 9 Note that this value is in agreement with the SDSS flux of f 1700Å = (17.2 ± 1.3) × 10 −17 erg s −1 cm −2Å−1 . Note also that the i magnitudes (fiber magnitude within circular aperture with radius of 1.5 ) from our MUSE data and from SDSS agree, i.e. 17.94±0.03 and 17.98 ± 0.02, respectively. In this regard, note that the quasar SDSS J1020+1040 has been cataloged as broad absorption quasar (BAL, Gibson et al. 2009 ) and its spectrum shows an increase of a factor 1.8 (at rest-frame 1700Å) between the SDSS (UT December 26th 2004) , and BOSS (UT January 31st 2012) observations. On the other hand, our MUSE observations are in agreement with SDSS. The shape of the broad-lines (e.g. Lyα, C iv ) slightly changes between the different observations. We checked our redshift estimate against these changes, but they do not affect our calculation, mainly because of the logarithmic dependence on L 1700Å .
as counterpart of the radio emission within the Fourth Cambridge Survey (Pilkington & Scott 1965) , with the name 4C 10.29, and subsequently in the Parkes survey (Ekers 1969) , with the name PKS 1017+109. Also, Condon & Broderick (1985 and White & Becker (1992) reported SDSS J1020+1040 as the counterpart of an emission with F = 538 mJy at 1.4 GHz. None the less, the spatial resolution of these datasets were not optimal for source matching at arcsec precision, e.g. Condon & Broderick (1985 has a resolution of 700 .
Also the Texas Survey of Radio Sources at 365 MHz (TXS, Douglas et al. 1996) and the NRAO VLA Sky Survey at 1.4 GHz (NVSS, Condon et al. 1998) , with a resolution of 5 and 45 , reported the quasar as counterpart of the radio emission. This happened even though both these surveys, with a position precision estimated to be < 1 , were able to detect the position shift of ∼ 33 between their reported position for the radio emission and the quasar SDSS J1020+1040 (see Table B1 ). Probably the absence of detected optical sources at the location of the radio emission made the quasar the best alternative given the available optical catalogs at that time. Recently, data at 1.4 GHz with higher spatial resolution undoubtedly show that there is a shift of ≈ 33 between SDSS J1020+1040 and the strong radio emission (Condon et al. 1998; Becker et al. 1994 ).
Notwithstanding the work by Condon et al. (1998) and Becker et al. (1994) , due to the former erroneous association, the quasar SDSS J1020+1040 has been included till now in radio-loud samples (e.g., Curran et al. 2002; Ellison et al. 2008) . In particular, it is worth noting that if one follows the last edition (13th) of the catalogue by Véron-Cetty & Véron (2010) , one would end up classifying SDSS J1020+1040 as definitely radio-loud. Indeed, the most used definition of radio-loudness requires that the ratio R = f ν, 5GHz / f ν, 4400Å > 10 ( Kellermann et al. 1989) , where f ν, 5GHz is the 5 GHz radio rest-frame flux density, and f ν, 4400Å is the 4400Å optical rest-frame flux density. At the redshift of SDSS J1020+1040, one can use the information at 1.4 GHz (observed) for the radio emission, and interpolate the data for the H and K bands to get the optical rest-frame flux at 4400Å. In this regard, Véron-Cetty & Véron (2010) list F = 538 mJy at 1.4 GHz (Condon & Broderick 1985 White & Becker 1992) , while the infrared information come from the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) , with a magnitude of H = 15.49, and K = 15.32. It is thus evident that SDSS J1020+1040 would be classified as radio-loud.
In Fig. B1 we show the "white-light" image from our final MUSE datacube with radio contours superimposed. Specifically, the S/N = 2, 10, and 20 contours from the NVSS (blue; Condon et al. 1998) , and from the VLA Faint Images of the Radio Sky at Twenty-Centimeters Survey (magenta; FIRST, resolution of 5 , Becker et al. 1994 ) are indicated in blue and magenta, respectively. The shift between the quasar and the radio emission is evident, with values of 33.1 and 32.35 (average), from the NVSS and FIRST survey positions, respectively. While the superior resolution of the FIRST data reveals two bright structures separated by 7.6 , the total integrated flux is in agreement between the two surveys (i.e. the sum of the two sources in FIRST is equal to the flux observed in the NVSS; see Table B1 ). For each survey we report the coordinates of the newly discovered HzRG (or lobes when resolved), its projected distance from SDSS J1020+1040, the integrated flux, and the references.
QSO
33 arcsec R Figure B1 . SDSS J1020+1040 is radio-quiet: discovery of an HzRG. White-light image of the combined exposures of our final MUSE datacube (as in panel A of Fig. 1 ) with superimposed the radio contours from the NVSS (blue; Condon et al. 1998) and VLA FIRST Survey (magenta; Becker et al. 1994 ) for the radio source at ≈ 30 from SDSS J1020+1040. Both sets of contours are shown at S/N = 2, 10, and 20. Owing to their higher spatial resolution (5 ) with respect to the NVSS (45 ), the data from the FIRST survey show two resolved structures, which we interpret as the radio lobes of a previously unknown radio galaxy. The MUSE spectrum for the optical counterpart (host galaxy) "R" of the radio emission is shown in Fig. B2 , confirming this interpretation.
Furthermore, we are able to classify this radio source. As discussed in section 2, between the program 094.A-0585(A) and 096.A-0937(A) we offset the position of SDSS J1020+1040 by about 15 to the East to try to obtain a spectrum of any optical counterpart to the radio emission. Inspection of the final MUSE datacube at the location of the two bright radio spots detected in FIRST, reveals that there are no optical counterparts down to our continuum sensitivity level (in the "white-light" image, f λ ,1σ = 1.1 × 10 −21 erg s −1 cm −2Å−1 pixel −1 ), but there is a faint source in between (i = 23.94 ± 0.02), source "R" (Fig. B1) . Given this geometric configuration we realised that this source is likely a radio galaxy, with the two radio sources being its bright radio lobes. This association is confirmed by the optical spectrum of "R" extracted from the MUSE datacube (see Fig. B2 ), which shows the emission lines expected in this wavelength range from a radio galaxy, i.e. C iii]λ 1909, C ii]λ 2327, and [Ne v]λ 3426, and the characteristic red upturn of the continuum due to the sum of the contribution from the old stellar population in the host galaxy and the reddened AGN at the centre of the system (e.g., McCarthy 1993). Further confirmation is given by the agreement between the ratios of the rest-frame emission line equivalent widths for our newly discovered HzRG, EW In addition, the analysis of the emission-lines indicates that this newly discovered radio galaxy is at a redshift of z = 1.536 ± 0.001 (see Table B2 ), and thus is not physically related to SDSS J1020+1040.
Finally, we stress that this system is interesting because one could use the bright background quasar SDSS J1020+1040 to study any absorption feature arising from the environment around the newly discovered HzRG, at an impact parameter of ∼ 275 kpc (at z = 1.536). Indeed, the quasar SDSS J1020+1040 has been observed with the High Resolution Echelle Spectrometer (HIRES, Vogt et al. 1994 ) on the Keck telescope (e.g., O'Meara et al. 2015). Table B2 . Information on the emission lines detected in the spectrum of source "R" (see Figure B1 ). To search for absorption signatures from low (e.g., Mg ii, Fe ii) and high (e.g., C iv) ionization lines, we have inspected both the Keck/HIRES and the BOSS/SDSS spectra in a 2000 km s −1 window around the systemic redshift of the newly discovered HzRG. This search resulted in the identification of C iv absorption at ∼ 200 km s −1 from the HzRG systemic, but no other metal absorption lines are found. Using VPFIT 10 , we have constrained the C iv doublet to be at z = 1.53759 ± 0.000006 (or uncertainty of 0.7 km s −1 ), and characterised by a parameter b = 7.5 ± 0.5 km s −1 , and a column density of log N C IV = 13.32 ± 0.02. Fig. B3 shows the fit for this C iv absorber and also the spectra at the expected correspective locations for low-ionization transitions (Mg ii, Fe ii). The absence of such low-ionization-state metal absorptions suggests that this absorber is highly ionized. This absorption could be thus associated to the HzRG itself, or to a companion object. The further characterisation of this HzRG and its environment is left to future studies.
Inspiraling Halo Accretion around a z ∼ 3 Quasar. 29 Keck/HIRES Figure B3 . Absorption line spectrum of gas at ∼ 275 kpc from the HzRG. The spectrum of the absorbing gas detected in the sightline of the quasar SDSS J1020+1040 at an impact parameter of ∼ 275 kpc from the HzRG is shown. We found absorption from the high-ionization line C iv, offset by 188 km s −1 from the HzRG's systemic redshift (z = 1.536). No low-ionization-state metal absorption is detected; we show two representative non-detection, i.e. the first line of the Mg ii doublet, and Fe ii. The absorbing gas thus seems highly ionized. We fitted the C iv absorption (red) and estimated a column density log[N C IV /cm 2 ] = 13.32 ± 0.02. This absorber could be associated with the HzRG itself or with a companion object.
APPENDIX C: TESTING OUR ANALYSIS TOOLS: PSF SUBTRACTION AND LYMAN-ALPHA ANALYSIS As described in section 3.2.1, we have presented results based on the CubExtractor package (Cantalupo in prep., Borisova et al. 2016) , and showed the overall surface brightness, velocity, and dispersion maps as sum (along wavelength), first moment, and second moment of the flux distribution within the extracted three-dimensional mask (Fig. 6) , respectively. Here we test our results by using a different method for the PSF subtraction and the analysis of the extended nebula. Specifically, we first compare the previously obtained maps with the maps obtained by using QDeblend 3D (Husemann et al. 2013) for the PSF subtraction. Secondly, we compare the moments analysis to a Gaussian fitting approach. Finding complete agreement between different techniques, both tests clearly show that our results are not affected by our method.
C1 PSF Subtraction with QDeblend 3D
To study extended emission around AGN without contamination from the central source, Husemann et al. (2013) have developed the software tool QDeblend 3D , which differs from the method described in Borisova et al. (2016) and used in our analysis. We have thus used this tool to test our PSF subtraction. For completeness, we briefly summarise the iterative subtraction algorithm used in QDeblend 3D , but for further details we refer the reader to Husemann et al. (2013 Husemann et al. ( , 2014 or to the manual of the software 11 . Whereas CubExtractor treats the IFU datacube as a sequence of layers for the PSF subtraction (section 3.2.1), QDeblend 3D considers each spaxel (spatial pixel of the cube) as an independent spectrum. In this framework, the spectrum of a point source differs in different spaxels only by a scale factor s(x, y) defined by the PSF during observations. The relative strength of broad emission lines and the adjacent continuum can be used to constrain this scale factor for a quasar. More specifically, in the case of SDSS J1020+1040, QDeblend 3D extracts a high S/N quasar spectrum, from which we select the red portion of the Lyα line (to avoid the contamination from the Lyα forest) and the whole C iv line emission as broad emission lines, and the interval 5300 − 5500Å as continuum. For each spaxel, these wavelength ranges are then used to determine s(x, y) with respect to the high S/N quasar spectrum used as quasar template in the first iteration, i.e. f QSO,temp (λ ). QDeblend 3D then subtracts s(x, y) f QSO,temp (λ ) from the initial datacube. To avoid over-subtraction due to eventual host galaxy light on small scales, QDeblend 3D estimates this contribution f host (λ ) in a user-defined annulus from the residual datacube, subtracts it from f QSO,temp (λ ), and iteratively converges to a stable solution. This iterative procedure usually results in a PSF-subtracted datacube in 3-4 iterations. However, here we turn off the estimation of the host contribution to have a fair comparison with CubExtractor, which assumes the host to be much fainter than the quasar, and thus negli-gible. Indeed this should be the case for the bright quasar SDSS J1020+1040.
Having obtained the new PSF subtracted datacube using QDeblend 3D , we then extracted a new three dimensional mask for the ELAN, and computed the "optimally extracted" NB image, and the first and the second moments of the flux distribution as previously done with CubExtractor. Fig. C1 shows the comparison between the maps shown in Fig. 6 (i.e. PSF subtraction done with the CubExtractor package) and the new ones. For the purposes of this work (i.e. study of the structure on large scales), the maps are in complete agreement. However, we note that the residuals on very small scales (∼ 1 ) greatly depends on the PSF normalization used and thus differs between the two methods. Notwithstanding these differences, the peak of the ELAN remains at the same position in close proximity to the location of SDSS J1020+1040, confirming the robustness of the detection of such emission at close separation.
C2 Analysis of the Lyα Nebula with KUBEVIZ:
Gaussian Fit
In this section we show that a Gaussian can model in first approximation the kinematics of the Lyα emission within the whole nebula, resulting in complete agreement with the previous non-parametric approach, yielding consistent surface brightness, velocity shift and dispersion maps. To perform this additional analysis, we have used the custom IDL software KUBEVIZ (Fossati et al. 2016) to fit the Lyα emission within the ELAN. This code uses "linesets", defined as groups of lines that are fitted simultaneously (e.g., Hα and N ii). However, here, in the case of the Lyα line, the "lineset" is just a 1D Gaussian. Two symmetric windows free of contamination around each "lineset" are used to evaluate the continuum level 12 . Before the fit, the datacube is smoothed in the spatial direction with a kernel of 3 × 3 pixels (or 0.6 × 0.6 ) to increase the S/N per pixel without compromising the spatial resolution of the data. No spectral smoothing is performed. During the fit, KUBEVIZ takes into account the noise from the variance datacube. However, the adopted variance underestimates the real error, most notably because it does not account for correlated noise introduced by resampling and smoothing (both applied while using KUBEVIZ). We therefore renormalize the final errors on the line fluxes assuming a χ 2 = 1 per degree of freedom. In the end, we mask spaxels where the S/N in the Lyα line is < 2 (see also Fossati et al. 2016 for more details). The results are shown in Fig. C2 , and are in striking agreement with the "moments" analysis (section 3.2.1). Specifically, all the maps are consistent, showing (i) the same high surface brightness level (SB Lyα ∼ 10 −17 erg s −1 cm −2 arcsec −2 ), (ii) the same rotation-like pattern, and (iii) the same low velocity dispersion on large scales (σ v ≈ 200 km s −1 ), while higher near compact objects. To further stress the good agreement between the moments analysis and the Gaussian fit, we have computed the velocity shift within "Pseudo-slit 1" using a Gaussian fit, and compare it to the velocity curves shown in Fig. 10 . in mind that this selected halo has not been run with the aim of modelling our observations 13 . Specifically, the massive halo has been simulated with the new version of the N-body SPH code, GASOLINE (Wadsley et al. 2004) , which incorporates fundamental improvements for the hydro-solver as explained in Keller et al. (2014 Keller et al. ( , 2015 . The resulting halo has M DM 200 = 10 12.29 M , R 200 = 101 kpc, and M star = 10 10.77 M at z = 3 (the snapshot closest to our observations). The system has been selected from a cosmological box of 90 Mpc h −1 , which has been run with force softenings ε DM = 0.7 kpc h −1 , ε gas = 0.3 kpc h −1 , and particle masses M DM = 1.4 × 10 7 M , M gas = 5 × 10 6 M for the highest refinement level for dark matter and gas, respectively. The simulation is based on the latest Planck cosmology (Planck Collaboration et al. 2014) .
The code allows for metal diffusion as reported in Wadsley et al. (2008) . The heating function takes into account photoionization and photoheating by a redshift-dependent UV background (Haardt & Madau 2012) , while the cooling function includes the effects of metal lines and Compton scattering (Shen et al. 2010) . Metal line cooling allows the gas to cool more efficiently and to temperatures below 10 4 K. Specifically, the gas could reach temperatures as low as ∼ 100 K in the densest regions with n H ∼ 10 3.5 cm −3 13 We performed the same analysis on the most massive halo in Wang et al. (2015) , which hosts a Milky Way-like galaxy at z=0, and found similar velocity patterns for the infalling gas at z=3, albeit with a lower maximum velocity. (Shen et al. 2010) . A Kennicutt-Schmidt relation regulates star formation, with gas cooler than 15000 K and denser than 10.3 cm −3 able to form stars. Stellar feedback includes two mechanisms: photoionizing radiation from presupernova massive stars , and blastwaves from supernovae (Stinson et al. 2006) . The version of the GASOLINE code used here does not include AGN feedback, which is often invoked to prevent the formation of galaxies with too high a stellar mass content in massive haloes (e.g., Schaye et al. 2015) . However, at the redshift considered this feedback process should have marginal effects on the properties of the host galaxy of a quasar as the peak of the halo mass-stellar mass relation is moved at higher halo masses at z = 3 with respect to z = 2 (Moster et al. 2013) . Indeed, the simulated halo agrees well with halo abundance matching measurements at z = 3 (Moster et al. 2013; Behroozi et al. 2013 ), but starts to considerably overpredict the stellar mass for redshifts z < 1.5.
D1.1 A View of the Simulated Halo with Velocity Shear similar to Observations
To analyse the simulated halo and to select the orientation used in section 4.1, we proceed as follows. We focus on the snapshot at z = 3, selecting a box of 4× the virial radius of the halo, L box = 404 kpc, centred on the massive halo. This box size has been chosen to encompass the whole size of the observed ELAN (if the centre of the halo is assumed to be SDSS J1020+1040). Next, we select the cool gas (T < 10 4.5 K) 14 within the selected region as this phase should be responsible for the Lyα emission (e.g., Gould & Weinberg 1996) . Indeed, as stated in the main text and in section 4.3, the most favoured powering mechanism for the observed Lyα emission is photoionization from embedded sources in an optically thin regime. In this framework, the Lyα emission depends on the amount of cool gas and on its density, SB Lyα ∝ n H N H (e.g., Hennawi & Prochaska 2013) . As current simulations seem to be unable to reproduce the high densities (n H 1 cm −3 ) required by the ELANe on CGM scales (Arrigoni Battaia et al. 2015b; Hennawi et al. 2015) , the most reliable tracer of the Lyα emission in simulations is the amount of cool gas, which simulations tend to correctly reproduce (Cantalupo et al. 2014) . For this reason, we compute mass-weighted line-of-sight velocities and velocity dispersions for the cool gas to recover patterns visible in the observed Lyα maps (Fig. 6 ).
To find a view similar to our observations, we align our line-of-sight to the direction perpendicular to the angular momentum of the cool gas within the selected box. This simple requirement allow us to find the rotation-like pattern similar to the observations presented in Fig. 12 . However, it is important to stress that many other directions would show a similar rotation pattern (∼ 20%; see section 4.1). To match the seeing of our dataset, we apply a Gaussian smoothing to the mass-weighted line-of-sight velocities and velocity dispersion maps before comparison (Fig. 12) . The pseudo-slit orientation has been chosen to best cover the positive and negative shift of the line-of-sight velocity within the simulated halo, 140 deg, which by chance happens to be close to the angle used for the slit in the observations, 149 deg (E from N).
In Fig. D1 we present the mass distribution (first row), mass-weighted line-of-sight velocity (second row), and massweighted velocity dispersion (third row) for the view of the simulated halo perpendicular to the angular momentum of the cool gas and discussed in section 4.1. In order to better highlight the presence of substructures, we show the raw (unsmoothed) images. Specifically, the first, second, and third column of Fig. D1 show the dark matter, gas, and cool gas, respectively. For each component (dark matter, gas, cool gas), the mass used for the weighting is the mass of the component itself at each particular location. The line-of-sight velocity maps once again reveal the rotation-like pattern discussed in the main text, while the velocity dispersion maps show very low values (σ v ∼ 90 km s −1 ). The predicted velocity dispersions are thus smaller than the observed Lyα kinematics (σ v < 270 km s −1 ). However we expect our simulation to show lower velocity dispersions than observations because of the combined effect of (i) the spectral resolution of MUSE at these wavelengths (σ = 72 km s −1 ), (ii) uncertainties on the mass for the quasar halo (i.e. the quasar SDSS J1020+1040 could reside in a more massive halo than here considered), and (iii) scattering of Lyα photons on small scales ( 10 kpc). Note that the (upper left and bottom right) black corners in all the simulated images are due to our strategy for the analysis, i.e. we first select the box and then rotate.
Finally, by analysing the velocity vector field within the simulated halo, we confirm that the rotation-like pattern observed in our simulation is indeed due to inspiraling cool gaseous structures as expected by current theories (Fall & Efstathiou 1980; Stewart et al. 2016) . In Fig. D2 we present this analysis. In particular, we overlay on the cool gas mass distribution the velocity vector field perpendicular to the line-of-sight (panel A). The substructures are clearly accreting towards the centre of the halo. This motion together with the line-of-sight motion (panel B), describes the inspiraling kinematics which we have argued to lead to the velocity shear visible in our observations.
APPENDIX E: PHOTOIONIZATION: THE UNLIKELY CASE OF A LARGE-SCALE STRUCTURE ALONG THE LINE-OF-SIGHT
As a larger distance between the quasar SDSS J1020+1040 and the bright NW emission (i.e.
120 kpc) could in principle explain the absence of He ii emission (because it would simply reduce the incidence of ionizing photons), and thus alleviate the tension in a photoionization scenario powered by the bright quasar (see section 4.3.2), we report here a calculation which assumes the ELAN is within the Hubble flow and along our line-of-sight. However, as anticipated in section 4.2, the photoionization modelling of such a projected structure requires a tuning of the physical properties of the emitting gas across at least 600 kpc to reproduce the ob- Figure D1 . The simulated halo at z = 3. We show the mass distribution (first row), mass-weighted line-of-sight velocities (second row), and velocity dispersion (third row) for dark matter (first column), gas (second column), and cool gas (T < 10 4.5 K, third column) in a box of ≈ 400 kpc centred on the simulated dark-matter halo and oriented as explained in the main text and in section D1.1. The white circle gives the halo virial radius, R 200 = 101 kpc, while the white box represents the chord used for the comparison with the observations in Fig. 12 . Note that the black corners are due to our analysis technique, i.e. we first select the volume and then analyse it.
simultaneously the observed SB Lyα , and the upper limits in He ii and C iv (see panel A and compare with panels B and C in Fig. E3 ). As already discussed in section 4.3.2, such values are in contrast with current expectations for CGM and IGM gas, making it implausible that the quasar SDSS J1020+1040 illuminates the ELAN.
To solve these discrepancies, a scenario in which the gas is along the line-of-sight would require the quasar to be heavily obscured in the direction of the emitting gas, so that the ELAN does not receive its hard ionizing photons. Given that brighter AGN are expected to be able to disrupt the obscuring medium on small scales, and to have wider opening angles (Lawrence 1991; Kreimeyer & Veilleux 2013) , the bright quasar SDSS J1020+1040 should radiate along the line-of-sight as it does towards us. This calculation therefore adds to the arguments against the ELAN being along the line-of-sight (presented in section 4.2). However, only planned follow-up observations at high spectral resolution, A B Figure D2 . The rotation-like signal is due to inspiraling accreting cool gas. (A) cool gas (T < 10 4.5 K) mass distribution (as total hydrogen column density) viewed through the same direction as in Fig. 12 and Fig and additional observations to verify the powering mechanisms within this ELAN could verify our conclusion.
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Inspiraling Halo Accretion around a z ∼ 3 Quasar. 37 Figure E1 . Photoionization modelling of the maximum within the NW redshifted emission assumed to be at 600 kpc, Z = 0.1 Z . The calculation has been performed using the photoionization code Cloudy (Ferland et al. 2013 ). We show, as a function of n H , the predicted SB Lyα in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of neutral hydrogen N HI , the predicted SB He II in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of singly ionized helium N He II , the predicted SB C IV in units of 10 −18 erg s −1 cm −2 arcsec −2 , and the ionization parameter U, respectively in (A), (B), (C), (D), (E), and (F). The solid horizontal lines show our measurement for SB Lyα (together with shaded regions for the 1 and 2σ uncertainties) and the upper limits for SB He II and SB C IV . The horizontal dashed lines indicate the theoretical threshold dividing the optically thin regime from the optically thick case for that element. For neutral hydrogen is at N HI = 10 17.2 cm −2 , while for helium is at N He II = 10 17.8 cm −2 . If the quasar SDSS J1020+1040 is illuminating the emitting gas within a large-scale structure along the line-of-sight, optically thick models with Z = 0.1 Z , n H 10 cm −3 and 20 ≤ log[N H /cm −2 ] ≤ 22 would match our observational constraints for the maximum within the NW redshifted emission. Figure E2 . Photoionization modelling of the maximum within the NW redshifted emission assumed to be at 600 kpc, Z = 0.01 Z . The calculation has been performed using the photoionization code Cloudy (Ferland et al. 2013 ). We show, as a function of n H , the predicted SB Lyα in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of neutral hydrogen N HI , the predicted SB He II in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of singly ionized helium N He II , the predicted SB C IV in units of 10 −18 erg s −1 cm −2 arcsec −2 , and the ionization parameter U, respectively in (A), (B), (C), (D), (E), and (F). The solid horizontal lines show our measurement for SB Lyα (together with shaded regions for the 1 and 2σ uncertainties) and the upper limits for SB He II and SB C IV . The horizontal dashed lines indicate the theoretical threshold dividing the optically thin regime from the optically thick case for that element. For neutral hydrogen is at N HI = 10 17.2 cm −2 , while for helium is at N He II = 10 17.8 cm −2 . If the quasar SDSS J1020+1040 is illuminating the emitting gas within a large-scale structure along the line-of-sight, optically thick models with Z = 0.01 Z , n H 0.3 cm −3 and 19 ≤ log[N H /cm −2 ] ≤ 22 would match our observational constraints for the maximum within the NW redshifted emission.
Inspiraling Halo Accretion around a z ∼ 3 Quasar. 39 Figure E3 . Photoionization modelling of the maximum within the NW redshifted emission assumed to be at 300 kpc, Z = 0.1 Z . The calculation has been performed using the photoionization code Cloudy (Ferland et al. 2013 ). We show, as a function of n H , the predicted SB Lyα in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of neutral hydrogen N HI , the predicted SB He II in units of 10 −18 erg s −1 cm −2 arcsec −2 , the predicted column density of singly ionized helium N He II , the predicted SB C IV in units of 10 −18 erg s −1 cm −2 arcsec −2 , and the ionization parameter U, respectively in (A), (B), (C), (D), (E), and (F). The solid horizontal lines show our measurement for SB Lyα , together with shaded regions for the 1 and 2σ uncertainties (in cyan for the NW clump at ≈ 120 projected kpc; in green for the dashed region in panel E of Fig. 8 ). We also show the upper limits for SB He II and SB C IV . The horizontal dashed lines indicate the theoretical threshold dividing the optically thin regime from the optically thick case for that element. For neutral hydrogen is at N HI = 10 17.2 cm −2 , while for helium is at N He II = 10 17.8 cm −2 . If the quasar SDSS J1020+1040 is illuminating the emitting gas within a large-scale structure along the line-of-sight, optically thick models with Z = 0.1 Z , n H 100 cm −3 and log[N H /cm −2 ] < 19 would match our observational constraints at 300 kpc (or ≈ 144 km s −1 ) within the Hubble flow.
